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Hydrotropes are amphiphilic molecules, too small to cause spontaneous self-assembly 
towards equilibrium mesoscale structures in aqueous solutions, but they form 
dynamic, noncovalent assemblies, which may create microscopic regions of lowered 
polarity. This enhances the solubilization of hydrophobic compounds, also known as 
solubilizates, in aqueous solutions and may cause further aggregation to larger 
structures. In this work, unusual mesoscopic properties of aqueous solutions of a non-
ionic hydrotrope, namely tertiary butyl alcohol (TBA) have been investigated by light 
scattering, microscopy, and chromatography. Aqueous TBA solutions show 
anomalous thermodynamic and structural properties in the range of concentrations 3–
8 mol % TBA and temperatures 0 – 25 °C. These anomalies appear to be associated 
   
with short-lived, short-ranged micelle-like structural fluctuations, distinctly different 
from usual concentration fluctuations in non-ideal solutions. Molecular dynamics 
simulations and neutron-scattering experiments show clustering of TBA molecules on 
a nanometer scale, interacting through hydrogen bonds with a shell of water 
molecules. In this concentration range, TBA aqueous solutions, although 
macroscopically homogeneous, occasionally show the presence of “mysterious” 
inhomogeneities on a 100 nm scale. We have found that the emergence of such 
inhomogeneities strongly correlates with impurities present in commercial TBA 
samples. Experiments with controlled addition of a third component, such as 
propylene oxide, isobutyl alcohol, or cyclohexane, reveal the mechanism of formation 
of these inhomogeneities through stabilization of micelle-like fluctuations by a 
solubilizate. These structures are long-lived, i.e., stable from a few days up to many 
months. We have confirmed that mesoscale structures in aqueous solutions can be 
generated from self-assembly of small molecules, without involvement of surfactants 
or polymers. This kind of self-assembly may potentially result in the development of 
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Chapter 1: Introduction 
1.1  What are hydrotropes?  
 
Hydrotropes are small organic molecules that can substantially increase the 
solubility of sparingly soluble compounds in water [1]. The molecular structure of 
hydrotropes is amphiphilic, such that one part of the molecule is polar (hydrophilic) 
and the other part is non-polar (hydrophobic) [2]. They differ from traditional 
surfactants in a manner such that the non-polar parts of the molecule are smaller (less 
than C7 – C8) than in surfactants [3]. 
Unlike traditional surfactants, hydrotropes do not show spontaneous self-
assembly above a specific critical micelle concentration to form stable micelles in 
aqueous solutions [4]. However, micelle-like fluctuations, loose dynamic non-
covalent clustering, are observed in solutions of many hydrotropes above a minimum 
hydrotrope concentration [5,6]. These micelle-like fluctuations, in the presence of a 
hydrophobic compound, may become stabilized and form mesoscopic aggregates [7-
9]. Thus, hydrotropes may also be defined as solubilizers of sparingly soluble 
hydrophobic compounds in aqueous solutions [1-21]. The sparingly soluble 
compounds are also referred to as “solubilizates”. 
Hydrotropy is different from molecular solubility. It has been shown that 
hydrotropy is a collective molecular phenomenon wherein the hydrotrope molecules 
self-assemble in aqueous media to create a microenvironment of lowered polarity 





1.2  Hydrotropes vs. surfactants 
 
Although there are certain similarities between hydrotropic solutions and 
micellar solutions, such as their amphiphilic nature, their ability to “solubilize” 
hydrophobic compounds, there are also distinct differences [11,12]. Micellar 
solubilization and hydrotropic solubilization are very different with respect to the 
amount of solubilizer (i.e. hydrotrope) and solubilizate (i.e. hydrophobic compound). 
Higher amounts of a hydrotrope, compared to surfactants, are needed to solubilize a 
hydrophobic compound [13]. Moreover, hydrotropic action is known to be 
solubilizate-specific, meaning not all hydrophobic compounds can be solubilized by a 
certain hydrotrope [5,14]. In addition, the solubilization of hydrophobic components 
in hydrotropic solutions is not a linear function of the hydrotrope concentration, but 
exhibits a sigmoidal relationship [2,14]. The change in surface tension of a 
hydrophobic component in a hydrotropic solution is more gradual than in micellar 
solutions [14]. Another distinguishing feature of hydrotropes, vis-à-vis traditional 
surfactants, is that hydrotropes have a much higher hydrophile-lipophile balance 
(HLB) [5,13].  
 
1.3  Classification of hydrotropic molecules  
 
The classification of hydrotrope molecules is broad and diverse. Traditionally, 
industrially used hydrotropes are aromatic salts; with an aromatic ring that helps in 




enhancing solubility in water [5]. Examples of aromatic ionic hydrotropes include 
sodium xylene sulphonate, sodium benzoate. 
Although there is a wide amount of literature available for ionic hydrotropes, 
the published information on non-ionic hydrotropes is limited. Non-ionic hydrotropes 
include simple alcohols such as ethanol [17], aromatic alcohols such as resorcinol [6], 
amides such as urea [20], α-amino acids such as proline [21], which all contain 
hydrophilic and hydrophobic parts. Short-chain alkyl alcohols (such as ethanol, n- 
and iso- propanols, tert-butanol), are not conventionally considered as hydrotropes. 
This is because higher molecular weight alkyl alcohols (such as pentanols, hexanols, 
octanols), exhibit phase separation with water, rather than form micellar structures 
with water (like surfactants).  
In this work, we focus on non-ionic alkyl hydrotropes, such as tert-butanol, 
which is completely miscible with water under ambient conditions [22]. We will 
broaden the definition of hydrotropes to include small amphiphilic molecules such as 
isopropanol, isobutanol, tertiary butyl alcohol, 3-methylpyridine, tetrahydrofuran, 2-
butoxyethanol. 
 
1.4  Tertiary butyl alcohol (TBA): A non-traditional hydrotrope 
 
Tertiary butyl alcohol (TBA), 2-methyl-2-propanol, is a special molecule. The 
hydroxyl group of the TBA molecule, which promotes dissolution in water, 
completely balances the hydrophobic tert-butyl group of the molecule [23]. It is the 
highest molecular weight alcohol molecule to be completely miscible with water in 




simulations show the presence of clustering in aqueous TBA solutions [23-44]. It is 
speculated that such a clustering could be due to formation of short-lived, short-
ranged micellar-like aggregates or clathrate-like structures, where a hydrogen-bonded 
water network surrounds TBA molecules [23]. TBA can also “solubilize” 
hydrophobic compounds in water. Based on these properties of aqueous TBA 
solutions, TBA can be classified as a nonionic hydrotrope [45].  
 
1.5  Mechanism of hydrotropic action 
 
Hydrotropic action in aqueous media could be due to self-aggregation or 
mixed-aggregation [3,4,7-10,13-17]. The mechanism of self-aggregation of 
hydrotropes is still not fully understood. It is possible that hydrotropes self-associate 
to form micelle-like aggregates, above a minimal hydrotropic concentration [5]. 
Molecular dynamics simulations in aqueous solutions of ethanol and n-propanol show 
that these aggregates are short-lived and short-ranged [18,19]. Intramolecular stack-
like association in hydrotropes has also been reported [10]. However, due to the broad 
diversity in the classification of hydrotropes, no single mechanism can completely 
explain their self-aggregation behavior.  
The mechanism of mixed aggregation in hydrotropes is explained by Srinivas 
et al. [3]. By carrying out X-ray crystal structure analysis on hydrotropes such as 
sodium p-butylbenzenesulfonate dihydrate, sodium cumenesulfonate hemihydrate, 
Srinivas et al. have shown that hydrotropic molecules are packed in a two-
dimensional sandwich manner, consisting of alternating hydrophobic and hydrophilic 




assemblies and fill these regions in an intermeshing manner, thus producing a 
cooperative and mutually stabilizing effect.  They have further shown that these open-
layer assemblies are more favorable in solubilizing larger amounts of the hydrophobic 
component.   
The mechanism of hydrotropic action in the presence of a solubilizate is a 
subject of active research. It is possible that the interaction between the hydrotrope 
and the solubilizate leads to the formation of a complex, which would have a higher 
solubility in aqueous media. This is evidenced by some molecular dynamics 
simulations and solubility studies [9,20]. Another possibility is that hydrotropes may 
change the structure of the solvent around the solubilizate, thus acting as structure-
makers or structure-breakers [5]. A third possibility is the formation of micelle-like 
aggregates, where the hydrotrope molecules surround the solubilizate molecules 
[16,19]. This leads to the formation of sphere-like aggregates.  
Given the broad diversity in the classification of hydrotropes, it is possible 
that more than one of the above-proposed mechanisms of action might be associated 
with the action of specific hydrotropes to solubilize particular solubilizates.  
The formation of aggregates in solutions of hydrotropes is through loose non-
covalent interactions. Detailed physio-chemical experiments carried out by 
Balasubramanian et al. show no sharp transition in properties as a function of 






1.6  Mysteries of aqueous solutions of hydrotropes  
 
The mechanism of hydrotropic action, in the presence of a solubilizate, is not 
fully understood. The following section exemplifies how aqueous solutions of certain 
hydrotropes show the presence of mysterious mesoscopic inhomogeneities. We 
believe that all these mysterious inhomogeneities are due to the presence of a 
solubilizate, which causes the water-hydrotrope-solubilizate system to aggregate and 
form larger mesoscopic structures.  
 In 2000, Georgalis et al. [46] reported observation of a mesoscale structure (50 
to 500 nm in size) of concentrated electrolyte solutions, namely sodium chloride, 
ammonium sulphate, and sodium citrate. They attributed this to possible electrostatic 
interactions or hydrophobic interactions among ions, or water molecules, acting as 
“cement” responsible for interaction between like-charged ions. 
In 2004, Yang et al. [47] observed a slow dynamic mode from laser light 
scattering, with a correlation length of 200 to 600 nm in certain small organic 
aqueous solutions, namely tetrahydrofuran and 1,4-dioxane. They also observed that 
these inhomogeneities could be removed by filtration, and thus concluded that the 
observed mesoscopic inhomogeneities are a result of incomplete mixing of water and 
the organic solute, at the micro scale.  
In 2006, Sedlák [48-50] carried out an extensive static and dynamic light-
scattering study of around 100 different solute-solvent pairs and observed the 
presence of large supramolecular structures in many electrolytic solutions, non-




result of attractive interactions between solute molecules through hydrogen-bond 
bridges formed by solvent molecules, which are themselves hydrogen bonded.  
In 2007, Kistler et al. [51] reported on observing, for the first time, a 
continuous transition between discrete macro ions, self-assembled blackberry 
structures, and back to discrete macro ions in {Mo132}/water/acetone systems. The 
average hydrodynamic radius of the self-assembled blackberry structures ranged from 
45 to 100 nm, increasing with increasing acetone content. They attributed the 
formation of the blackberry structures to possible attractive van der Waals forces, 
electrostatic repulsions, and hydrophobic interactions.  
In 2007, Jin et al. [52-53] carried out a static and dynamic light-scattering 
study in aqueous solutions of tetrahydrofuran, ethanol, urea, and α-cyclodextrin. They 
also observed a mesoscopic size of around 100 nm in these systems. They attributed 
this to the existence of small gaseous nanobubbles formed in these solutions. They 
also claimed that these nanobubbles are rather stable with the adsorption of small 
organic molecules on the gas-liquid interface, and can be removed by repeated 
filtrations and regenerated by air injection.  
Another evidence for the existence of the mysterious mesoscopic mode in 
aqueous solutions was obtained by Kostko et al. [54] and Subramanian et al. [55] in 
aqueous solutions of 3-methylpyridine. 3-Methylpyridine is completely miscible in 
water. However, upon cooling, a dynamic mode, of the order of 200 nm in size, 
became prominent. They also noted that the presence of these inhomogeneities were 
independent of the sample source. All these observations led Kostko et al. to 




that the system forms supramolecular structures which could remain stable for times 
longer than the time needed to carry out light-scattering experiments.  
An unusual self-assembled structure, a multilamellar charge-density wave 
mesophase, was observed by Sadakane et al. [56] in aqueous solutions of 3-
methylpyridine and small amounts of an antagonistic salt, namely, sodium 
tetraphenylborate. They confirmed that in order to observe stable equilibrium density-
wave mesophases in aqueous solutions of small molecules of nonelectrolytes one 
needs to stabilize the structure by adding salts, one of whose ions is hydrophobic.  
 
1.7  Why do we care about hydrotropes? 
 
Although the term hydrotropy was coined by a biochemist, Carl Neuberg; 
chemical engineers and chemists have further developed the science of hydrotropy. 
Due to their specific solubilizing properties, hydrotropes find a wide variety of 
industrial applications. The ability of hydrotropes to dramatically alter the solubility 
of certain hydrophobic molecules is widely explored in the design and formulations 
of products such as drugs, soaps, detergents, and cosmetics [2,4-7,13-16,20,57].   
Hydrotropes are used in the pharmaceutical industry to transport hydrophobic 
drugs in aqueous media and to enhance the dissolution and permeation of drugs in 
biological systems. Hydrotropes are used in the soap and detergent industry to 
“solubilize” surfactants and make products with concentrated amounts of surfactants.  
In detergent, drug, or cosmetic formulations, they can also be used as co-solvents 
along with surfactants to enhance or inhibit micelle formation. Hydrotropes are used 




presence of hydrotropes lengthens the oscillating life times in the Belousov – 
Zhabotinskii chemical oscillating reactions [58]. Hydrotropes are also used in the 
separation of mixtures by selective extraction and as agents used to alter the 
thermodynamic behavior of liquid crystalline phases. Hydrotropes can also be used as 
molecular probes to determine properties of the microenvironment. Certain 
hydrotropes, such as proline, are protein compatible, and help in maintaining cellular 
osmosis.  
Thus the various applications of hydrotropes take advantage of its unique 
properties such as its amphiphilic nature, hydrogen-bonding ability, and specific 
interactions with solutes.  
 
1.8  Current research goals and objectives 
 
Motivated by controversies in the literature on the microscopic and mesoscopic 
structure of aqueous solutions of certain hydrotropes, this research is focused on 
addressing a fundamental, yet highly controversial, issue in the physical chemistry of 
aqueous solutions, namely, the nature of mesoscale (hundreds of nanometers) 
inhomogeneities in aqueous solutions of hydrotropes (or small amphiphilic 
molecules). As mentioned previously, the presence of so-called mysterious  
inhomogeneities has been reported, discussed, and disputed in the literature for the 
past forty years; however, a consensus, or even a commonly accepted qualitative 
understanding of the observed phenomena, has not been achieved.  
In order to clarify this issue, molecular, mesoscopic and macroscopic 




solubilizates have been studied. Detailed experiments on static and dynamic light 
scattering, confocal microscopy, gas chromatography, and mass spectrometry have 
been carried out.  
The main goals of this dissertation include, clarifying whether mesoscale 
inhomogeneities are indeed observed in aqueous TBA solutions or whether their 
observation is an experimental artifact? The next goal is to determine what is the 
origin or what are the conditions where the mesoscopic aggregates are seen, and what 
is their role in the thermodynamic stability of the system? The final goal is to 
understand the nature of these mesoscopic aggregates.  
 
1.9  Dissertation outline 
 
The first part of this dissertation is devoted to understanding the 
thermodynamics of aqueous TBA solutions. Literature data on the macroscopic phase 
behavior and solution thermodynamics of aqueous TBA solutions are presented. 
Results from molecular simulations and neutron scattering are also discussed. The 
second part of the dissertation deals with understanding the mesoscopic properties of 
aqueous TBA solutions. Results from light scattering and chromatography are 
presented. The question on the origin of the mesoscopic aggregates in aqueous TBA 
solutions is answered. The final part of the dissertation deals with understanding the 
nature of the mesoscopic aggregates in aqueous TBA solutions upon the addition of a 
hydrophobic component. Thermodynamic phase behaviour and light-scattering 









Chapter 2: Thermodynamics of aqueous TBA solutions 
 
In this chapter, a review of the literature on the thermodynamic properties of 
aqueous TBA solutions is presented. The phase diagram of TBA-Water system at 
ambient pressure is shown in Figure 2.1. Various solution properties, such as heat 
capacities, excess molar and excess partial molar volumes, enthalpies, entropies, and 
Gibbs free energies, along with activity coefficients, ultrasonic velocity 
measurements, and isothermal compressibility, exhibit anomalies. These anomalies, 
as well as the results from small angle X-ray and neutron scattering experiments, are 
discussed in the subsequent sections. Molecular dynamics simulations, carried out by 
our collaborator, Professor J. B. Klauda, are also presented and discussed. 
	  
2.1  Thermodynamic phase diagram of TBA-water 
 
Various research groups have investigated the phase diagram of TBA-water 
systems over the years [22,59-61]. The liquid-solid phase diagram at ambient 
pressure, as determined by Kasrian et al. by using differential scanning calorimetry, is 
shown in Figure 2.1 [22].  
TBA and water are completely miscible with each other under ambient 
conditions. The system exhibits two eutectics, one at about 0.2 mass fraction (0.057 
mole fraction) TBA in water at about T = -5 °C and another one at about 0.9 mass 
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Figure 2.1. Phase diagram of TBA-water binary system at ambient pressure, 
showing the liquid-solid equilibrium line. (Taken from [22].) 
 
The phase diagram of TBA-water has been investigated at higher pressures, 
up to 200 MPa, by Woznyj et al. [61]. As the pressure is raised the eutectics are 
observed at a lower temperature and at about the same concentration of TBA in 





2.2  Excess molar volume and partial molar volumes  
 
In ideal solutions, with no preferential interactions between the components of 
the mixture, the excess volume of mixing is zero. However, for associated liquids, 
namely, hydrogen-bonded solvent systems, such as aqueous alcohol solutions, 
significant negative excess volumes are observed [62]. 
The excess molar volume of aqueous TBA solutions as a function of 
composition and temperature is shown in Figure 2.2 [63]. It is seen from Figure 2.2 
that the excess molar volumes for aqueous TBA solutions are weakly dependent on 
temperature [63]. 
 
KIPKEMBOI AND EASTEAL 
TABLE 2. Density and viscosity data for the H,O + BuOH system 
p k g  m-3 qlmPa s 
Xu 2 8 8 K  2 9 8 K  3 0 8 K  3 1 8 K  2 8 8 K  2 9 8 K  3 0 8 K  3 1 8 K  
O X  = mol% BuOH. 
b ~ o r  sources of data for pure water, see footnotes to Tables 3 and 4. 
MOLE % BuOH 
FIG. 1. Excess molar volume for H 2 0  + tert-butyl alcohol mixtures 
as a function of composition and temperature. 
organic mixtures are in the water-rich region. Although molar 
excess functions give information on interactions occurring in 
mixtures, since they vanish at the composition extremes they 
may not reveal phenomena in dilute solutions where structural 
changes of pure components imposed by the interactions 
between like and unlike molecules can occur. Apparent and par- 
tial molar properties, on the other hand, reflect more appropri- 
ately characteristic interactions and structural changes induced 
by the addition of small, increasing amounts of the second com- 
ponent (11). Figures 3 and 4 show that the apparent molar vol- 
umes of BuOH and TBA in water vary with composition in a 
similar fashion, and the sharp Vq,(cosolvent) minimum in the 
water-rich region is common to many aqueous non-electrolyte 
solutions. The trends of the apparent molar volumes of BuOH 
and TBA in the water-rich region with composition and temper- 
atures are shown in more detail in Figs. 5 and 6. The shapes of 
the curves for both cosolvents are essentially the same at all 
temperatures, but the minimum becomes more pronounced and 
shifts to higher concentration as the temperature is lowered. 
Similar behaviour is found for V,I,(H20) in the BuOH-rich 
region (Fig. 7) where the minimum is also very pronounced and 
shifts to a higher concentration with decreasing temperature, 
though it is not as sharp as for V@(BuOH). The volumetric 
behaviour of H 2 0  in TBA-rich mixtures is quite different: 
VQ(H20) gradually decreases from a higher value in water to a 
small value at infinite dilution in TBA as the proportion of 
amine increases. The volumetric behaviour of H 2 0  + BuOH 
mixtures is unusual at both ends of the concentration range, as 
was also noted by Sakurai (15), whose results are in excellent 
agreement with ours. A minimum in the apparent molar volume 
of water in the organic cosolvent-rich region has been observed 
also in H 2 0  + tetrahydrofuran mixtures (19). The well-known 





























































Figure 2.2. Excess molar volume of aqueous TBA solutions as a function of TBA 




The partial molar volumes of TBA in aqueous TBA solutions as a function of 
TBA concentration, at various temperatures are shown in Figure 2.3. The partial 
molar volumes of water in aqueous TBA solutions as a function of TBA 
concentration, at various temperatures are shown in Figure 2.4 [63]. As seen from 
Figure 2.3, as the concentration of TBA in the solution is increased, the partial molar 
volume of TBA initially decreases, passes through a minimum in the water-rich 
region, and then increases. The minimum in the partial molar volume of TBA 
becomes sharper and more enhanced as the temperature is lowered. The partial molar 
volume of water, as seen from Figure 2.4, exhibits a minimum in the TBA-rich 
region. This minimum becomes more pronounced and shifts to higher TBA 
compositions as the temperature is increased.  
 1940 CAN. J. CHEM. I 
TABLE 3. Density data for the H,O + TBA system 
X" 288 K 293 K 298 K 
0.00~ 999.1016 998.2063 997.048 
0.10 998.18 997.37 996.20 
0.50 994.80 993.82 992.56 
1.00 990.93 989.78 988.33 
2.00 983.74 982.51 980.81 
3.00 977.56 975.74 973.68 
4.00 971.36 968.97 966.46 
5.00 964.57 961.59 958.59 
6.00 956.88 953.60 950.54 
8.00 934.8 1 
10.0 927.82 924.07 920.54 
15.0 897.36 893.40 888.74 
20.0 872.51 868.38 863.41 
25.0 851.83 847.54 843.44 
30.0 834.09 829.59 824.89 
40.0 805.02 799.96 794.44 
50.0 780.87 776.05 770.85 
60.0 760.34 755.39 750.31 
70.0 742.31 737.15 731.86 
80.0 726.31 720.97 715.90 
90.0 71 1.69 706.37 700.99 
92.0 708.94 703.45 697.74 
95.0 704.89 699.44 693.85 
97.0 702.19 696.62 691.1 1 
98.0 690.23 
99.0 699.53 693.99 688.46 
100.0 698.16 692.61 686.64 
"X = mol% TBA. 
b ~ a t a  from ref. 18. 
0 20 40 60 80 100 
MOLE % BuOH 
FIG. 3. Apparent molar volume of tert-butyl alcohol in water as 
function of composition and temperature. 
MOLE % TBA 
FIG. 4. Apparent molar volume of tert-butylamine in water as a 
function of composition and temperature. 
molecules with accompanying enhancement of an ice-like 
structure in the water, and a breaking of this structure due to loss 
of free space with increasing concentration of the solute (8,21). 
Initially, the addition of BuOH or TBA to water will result in the 
formation of stronger H-bonds between water molecules that 
would bring about volume contraction. At the same time, the 
bulky tertiary alkyl groups of BuOH or TBA occupying cavities 
in the network structure of water will tend to associate because 
this causes a free energy decrease. This tendency is known as 
hydrophobic interaction (8). The structural stabilization pro- 
duced by the cosolvent becomes more pronounced and eventu- 
ally reaches a minimum beyond which further addition of solute 
results in a fairly rapid breakdown of the structural integrity of 
water. Although the interpretation of the minimum is not 
unequivocal it probably corresponds to the upper limit of the 
region where the stabilization of the water structure can take 
place. Packing of the cosolvent molecules evidently takes place 
0 20 40 60 80 100 
MOLE % TBA 
FIG. 2 Excess molar volume for H,O + tert-butylamine mixtures as 
a function of composition and temperature. 
many aqueous non-electrolyte solutions, represented typically 
by aqueous BuOH and TBA solutions, have been interpreted in 
terms of the hydrophobic hydration concept (1, 20), although 
the exact nature of hydrophobic hydration is still unclear. The 
occurrence of a minimum has been attributed to a balance 





























































Figure 2.3. a) Excess partial molar volume of TBA in its aqueous solution, as a 




 I ! KIPKEMBOI AND EASTEAL 
MOLE % BuOH MOLE % BuOH 
FIG. 5. Apparent molar volume of tert-butyl alcohol in the water- 
rich region at various temperatures: 318 K (V), 308 K (V), 298 K (.),
288 K (0) .  
FIG. 7. Apparent molar volume of water in tert-butyl alcohol as a 
function of composition and temperature. 
L I I I I- 
BuOH " 3 
- - 
- - 
- '- TEA - 
I I I I 
MOLE % TBA 
FIG. 8. Limiting partial molar volume of water in tert-butyl alcohol 
and tert-butylamine as a function of temperature. FIG. 6. Apparent molar volume of tert-butylamine in the water-rich region at various temperatures (K): 308 (U), 303 (V), 298 (a), 293 
(V), 288 (0) .  lished data are those of Kaulgud and co-workers (22), which are 
based on the differential float balance method. Their values for 
the limiting partial molar volume, V*(TBA), for TBA in water 
are 0.75 and 1.11 cm3 mol-' higher than our results at 288 and 
298 K, respectively. These differences can be ascribed to impu- 
rities in TBA, their extrapolation method and the different tech- 
niques employed in the measurements. The limiting partial 
molar volumes of water in BuOH and TBA are plotted as a 
function of temperature in Fig. 8. In both cosolvents Va(H,O) is 
smaller than the molar volume of water. The decrease in volume 
relative to pure water may be related to the loss of the open 
structure of bulk water and to the formation of H-bonds 
between water and solvent molecules (19). Vh(H,O) in TBA is 
very small, and at present we cannot offer a convincing expla- 
nation of the large difference in the values of V*(H20) in BuOH 
and TBA, though it must be borne in mind that the amine 
more effectively up to this concentration due to the interstitial 
accommodation of the solute molecules within the water struc- 
ture. The minimum in the Vo(H20) curve shown in Fig. 7 ,  on 
the other hand, cannot be attributed to such a structural influ- 
ence because the open structure of water no longer exists in the 
BuOH-rich region. It is noteworthy that structure promoting 
interactions of the two cosolvents persist over a considerable 
range of temperature, so that at 3 18 K BuOH is still a powerful 
structure promoter. 
Limiting partial molar volumes of BuOH, TBA, and H,O, i.e. 
the infinite-dilution apparent molar volumes, are given in 
Tables 5 and 6 together with literature data. Our values for both 
components in the H 2 0  + BuOH system are in good agreement 




























































Figure 2.3. b). Enlarged view (Taken from [65].) 
 I ! KIPKEMBOI AND EASTEAL 
MOLE % BuOH MOLE % BuOH 
FIG. 5. Apparent molar volume of tert-butyl alcohol in the water- 
rich region at various temperatures: 318 K (V), 308 K (V), 298 K (.),
288 K (0) .  
FIG. 7. Apparent molar volume of water in tert-butyl alcohol as a 
function of composition and temperature. 
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FIG. 8. Limiting partial molar volume of water in tert-butyl alcohol 
and tert-butylamine as a function of temperature. FIG. 6. Apparent molar volume of tert-butylamine in the water-rich region at various temperatures (K): 308 (U), 303 (V), 298 (a), 293 
(V), 288 (0) .  lished data are those of Kaulgud and co-workers (22), which are 
based on the differential float balance method. Their values for 
the limiting partial molar volume, V*(TBA), for TBA in water 
are 0.75 and 1.11 cm3 mol-' higher than our results at 288 and 
298 K, respectively. These differences can be ascribed to impu- 
rities in TBA, their extrapolation method and the different tech- 
niques employed in the measurements. The limiting partial 
molar volumes of water in BuOH and TBA are plotted as a 
function of temperature in Fig. 8. In both cosolvents Va(H,O) is 
smaller than the molar volume of water. The decrease in volume 
relative to pure water may be related to the loss of the open 
structure of bulk water and to the formation of H-bonds 
between water and solvent molecules (19). Vh(H,O) in TBA is 
very small, and at present we cannot offer a convincing expla- 
nation of the large difference in the values of V*(H20) in BuOH 
and TBA, though it must be borne in mind that the amine 
more effectively up to this concentration due to the interstitial 
accommodation of the solute molecules within the water struc- 
ture. The minimum in the Vo(H20) curve shown in Fig. 7 ,  on 
the other hand, cannot be attributed to such a structural influ- 
ence because the open structure of water no longer exists in the 
BuOH-rich region. It is noteworthy that structure promoting 
interactions of the two cosolvents persist over a considerable 
range of temperature, so that at 3 18 K BuOH is still a powerful 
structure promoter. 
Limiting partial molar volumes of BuOH, TBA, and H,O, i.e. 
the infinite-dilution apparent molar volumes, are given in 
Tables 5 and 6 together with literature data. Our values for both 
components in the H 2 0  + BuOH system are in good agreement 




























































Figure 2.4. Excess partial molar volu e of water in aqueous TBA solutions, as a 





It is instructive to compare the partial molar volumes of TBA in aqueous TBA 
solutions with the partial molar volumes of other C1-C4 alcohols (such as methanol, 
ethanol, n-propanol, isopropanol, sec-butanol, ethylene glycol, glycerol) in their 
respective aqueous solutions, at ambient temperatures [63]. This is shown in Figure 
2.5. From this figure it is seen that as the alcohol chain length and branching 
increases, the minimum in partial molar volume becomes sharper and more 
pronounced and shifts to a lower alcohol concentration. The most significant effect is 
seen in aqueous TBA solutions.  
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The general feature just described above can 
well be understood by the case of ethylene 
glycol-water system given in Fig. 2. 
 For the partial volumes of four isomers of 
butyl alcohol in water, the diagram is incom-
plete owing to the phase separation or high 
melting point. Fig. 3 shows the isomeric 
variation in the partial volumes of butyl 
alcohols in their low concentration region 
where the characteristic behavior is clearly 
observed. 
 For comparison's sake, the partial molal 
volumes of methanol, ethanol, propyl alcohols 
and glycerol in water are calculated and plotted 
in Fig. 4 together with the present data. The 
calculation is made with the ICT data4). In
Fig.3. Partial specific volume of butyl
alcohois in water at their low concentra-
 tion at 20℃.
Fig.2. Partial molal volumes of ethylene
 glycol-water system at 20℃.










Fig. 5. Partial specific volume of ethanol in
water at different temperatures.
 1, 40℃;2, 25℃;3, 10℃;
addition, an interesting temperature dependence, 
which is found in ethanol, is shown in Fig. 5. 
 Summary of Experimental Observations.-
Partial volume behavior presented above may 
be summarized as in the following. 
 1) Partial volumes of alcohols take a mini-
mum value at a definite point. The position 
of this minimum shifts systematically to the 
lower concentration of alcohol in the order of 
BuOH, PrOH, EtOH and MeOH, as is shown 
in Table III. 
 2) Depth of the minimum in V2-V20 
depends on the kind of alcohol in a more4) International Critical Table, Vol. III, p.115--122.
 
Figure 2.5. Partial molal volumes of C1-C4 monohydric alcohols in their aqueous 
solutions as a function of concentration, at ambient temperatures. (Taken from [66].) 
1: Methanol (15 °C); 2: Ethanol (20 °C); 3: n-Propanol (15 °C); 4: Isopropanol (15 
°C); 5: sec-Butanol (20 °C); 6: tert-Butanol (20 °C); 7: Ethylene glycol (20 °C);           




Although a quantitative description of this phenomenon has not been fully 
developed, a qualitative explanation can be found in the literature. The behavior of 
the partial molar volumes in aqueous C1-C4 alcohol solutions can be accounted for as 
being due to hydrophobic hydration [62], which explains how water molecules 
surround an apolar solute [63,64]. Water molecules arrange themselves around an 
apolar solute in a cage-like manner, with the solute molecules occupying the cavities 
of water. The negative values in excess volumes (as seen in Figure 2.2) can be 
attributed to the occupation of water cavities by alcohol molecules [65-67].  
Another interpretation for the anomalies observed in aqueous alcohol 
solutions can be obtained by relating the hydrogen bond interactions between the 
alcohol molecule and water [62].  As the amount of alcohol increases in the water-
rich region of the solution, strong hydrogen bonds form between the alcohol molecule 
and water. This may lead to an initial volume contraction. Thus in the water-rich 
region of the solution, structural stabilization becomes enhanced with increasing 
alcohol concentration, until a certain point beyond which increasing the alcohol 
concentration increases the strain on the water network and the structural integrity of 
the water breaks down. 
 
2.3  Heat capacity 
 
Heat-capacity measurements yield important mixture information as they are 
highly sensitive to structural changes in a solution.  
 The heat capacity of aqueous TBA solutions as a function of TBA 




figure, it is seen that the heat capacity of the solution exhibits a sharp maximum in the 
water-rich region and rapidly goes down to the molar heat capacity of TBA as the 
concentration of TBA increases. As the temperature is lowered the magnitude of this 
heat-capacity maximum increases and the fall towards the molar heat capacity of 




Figure 2.6 Heat capacity of aqueous tertiary butyl alcohol solutions as a function of 
concentration, at various temperatures. (Taken from [67].) 






The temperature dependence of the heat capacity of aqueous TBA solution for 
various concentrations of TBA in water is shown in Figure 2.7 [68,69]. It is seen that 
the maximum in heat capacity occurs at about 0.074 mole fraction (0.28 mass 
fraction) TBA in water at about 0 °C. Interestingly, this concentration is close to the 




Figure 2.7. Heat capacity of aqueous tertiary butyl alcohol solutions as a function of 
temperature, for various concentrations. (Taken from [67].) Continuous lines belong 
to aqueous TBA solutions, dots belong to aqueous tetrahydrofuran solutions, dashed 





Such a trend of heat capacity appears to be typical for associating fluids, such 
as aqueous TBA solutions [62,67,70]. The maximum in heat capacity observed at 
about 0.074 mole fraction TBA, as seen in Figure 2.7, has been interpreted by the 
authors, Anisimov et al., as due to the presence of a structural transformation from an 
ordered state, at low TBA concentrations, to a disordered state at high TBA 
concentrations [68,69]. De Visser et al. attribute this behavior to solutes such as TBA, 
which enhances water structure at low solute concentrations [70]. Franks and Ives 
refer to these effects as being due to hydrophobic hydration [62].  
 
2.4  Excess molar and partial molar enthalpies, entropies, and Gibbs free 
energies  
 
 Excess properties, such as excess enthalpy, entropy, and Gibbs energy of 
mixing, provide valuable information on mixture properties. Partial molar excess 
properties provide additional information on solute-solvent interactions within a 
mixture. 
 Figure 2.8 shows the excess molar enthalpy of mixing [71], while Figure 2.9 
shows the partial molar enthalpies for TBA and water in aqueous TBA solutions at T 
~ 26 ˚C [71-73]. It is seen from Figure 2.8 that the excess enthalpy of mixing is 
negative in the water-rich region, goes through a minimum at a TBA concentration of 
about 0.06 mole fraction and is then positive in the TBA-rich region with a maximum 
at about 0.75 mole fraction TBA. From Figure 2.9, it is seen that the excess partial 
molar enthalpy of TBA is a strong function of TBA concentration till about 0.06 mole 




also shows the partial molar enthalpy of water in aqueous TBA solutions. The partial 




Figure 2.8. Excess enthalpy of mixing in TBA-water solutions as a function of TBA 






Figure 2.9. Partial molar enthalpy of TBA and water in aqueous TBA solutions as a 
function of TBA mole fraction, at T = 25 °C. Open circle: TBA; Crosses: Water. 
(Taken from [71-73].) 
 
 The excess molar entropy of TBA-water mixtures and the excess partial molar 
entropies of TBA and water in aqueous TBA solutions are shown in Figures 2.10 and 
2.11, respectively [71,74]. The excess molar entropy is negative and exhibits a 
minimum at about 0.22 TBA mole fraction. The partial molar entropy of TBA shows 
a strong dependence on TBA concentration till about 0.07 TBA mole fraction; 
beyond this concentration the partial molar entropy of TBA is almost constant, thus 
making the system behave like a regular solution. The partial molar entropy of water 






Figure 2.10. Excess entropy of mixing in aqueous TBA solutions as a function of 
TBA mole fraction at T = 25 °C. (Taken from [71,74].) 
 
Figure 2.11. Partial molar entropy of TBA and water in aqueous TBA solutions as a 
function of TBA mole fraction at T = 25 °C. Open circles: TBA; Crosses: Water. 




The excess molar Gibbs energy of mixing and the excess partial molar Gibbs 
energies of mixing (also known as excess chemical potentials) are shown in Figures 
2.12 and 2.13, respectively [71,74]. The excess molar Gibbs energy of mixing is 
positive, almost symmetric and shows no anomalous behavior. However, the excess 
partial molar Gibbs energies provide specific information on complex interactions 
between TBA and water molecules. In particular, the excess chemical potential of 
TBA shows a peculiar dip at about 0.045 mole fraction TBA. In the same range of 
TBA concentrations the chemical potential of water shows a strong negative 
deviation from ideality as discussed in Section 2.5. 
 
 
Figure 2.12 Excess molar Gibbs energy of mixing in aqueous TBA solutions as a 







Figure 2.13. Partial molar excess Gibbs energy (excess chemical potential) of TBA 
and water in aqueous TBA solutions as a function of TBA mole fraction, at T = 25 
°C. Open circles: TBA; Crosses: Water. (Taken from [71,74].) 
 
 The anomalies in the excess partial molar energies and entropies are attributed 
to the structural changes within the solution. The behavior of the partial molar 
enthalpies of TBA at TBA concentration below 0.06 mole fraction could be due to the 
formation of strong hydrogen bonds between TBA and water molecules, bond energy 
greater than 10 kBT. Beyond 0.1 TBA mole fraction, the absence of any dependence 
of the partial molar enthalpy of TBA on the TBA concentration could be an indication 
that the energy landscape for the TBA molecules in the solution is almost the same as 
in pure TBA. The increase of the partial molar enthalpy of water with TBA 




be due to the destruction of the hydrogen bonded network, where water then mixes 
into the solution as a single molecule [71-74].  
Franks and Ives have pointed out that the opposing features of the excess 
molar enthalpy of mixing in the water-rich region vs. the TBA-rich region might be 
due to strong inter-component attractions in the water-rich region, and dissociation of 
a highly associated network in the TBA-rich region [62]. 
 
2.5  Activity coefficient of water  
 
Activity coefficients are uniquely correlated to the excess chemical potentials 
as µi
E = RT ln xi! i( ) , where µiE , xi , and ! i  are the excess chemical potential, 
concentration, and activity coefficient of species i in solution, T is the temperature, 
and R is the universal gas constant. Experimentally determined activity coefficients of 
water in aqueous TBA solutions, shown in Figure 2.14 [75,76], apparently seem to 
contradict the overall positive excess Gibbs energy of mixing shown in Figure 2.12. 
The logarithm of the activity coefficient of water in the water-rich region of the 
mixture shows a strong negative deviation from ideality, with a minimum at about 
0.045 mole fraction TBA, and rapidly increases towards positive deviations at higher 







Figure 2.14. Activity coefficient of water in aqueous TBA solutions as a function of 
TBA mole fraction at T = 10 °C. (Taken from [75].) 
 
This peculiar behavior of the activity coefficient of water is in agreement with 
the explanation given above. In the water-rich region, strong solute-solvent 
interactions in the form of strong hydrogen bonds between TBA molecule and water 
are favored, leading to negative values of the activity coefficient.  
 
2.6  Ultrasonic absorption and isothermal compressibility  
 
Ultrasonic velocity and absorption measurements in aqueous alcohol solutions 
have been carried out since more than 70 years [77-82].   
 The absorption of sound in various aqueous C1-C4 alcohol solutions is shown 
in Figures 2.15 [77]. As seen in this figure, sound absorption exhibits a maximum in 




the sharpness of the peaks increase as the alcohol chain length and branching 
increase. The maximum effect is seen in aqueous TBA solutions.  
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increasing molecular volume of 
the organic component and si- 
multaneously shifts toward lower 
alcohol-water concentrations. 
frequencies, and in every case the results have 
been the same, within experimental error. This is 
in accord with the studies of Willard and Willis 
who made careful investigations of this possibility. 
Willard a has pointed out that errors in absorp- 
tion values are frequently much greater than 
would be concluded from the random observa- 
tional errors involved, one systematic error being 
that caused by spreading of the sound beam by 
sound diffraction. These effects increase with 
increasing distance from the source and with 
decreasing ratio of source dimensions to sound 
wave-length. Willard further showed that an 
estimate of the sound beam distortion is afforded 
by evaluating a function S, 
S = (2t•v/x C) -•, 
where t is the smallest cross-sectional dimension 
of the sound radiator, x the normal distance from 
the source, v the frequency, and C the velocty of 
sound in the medium. A large value of S implies 
little spreading of the sound energy to regions 
outside of the geometrical beam. Although no 
sharp line of demarcation exists, one may say 
that a value of S larger than 5 implies negligible 
sound diffraction. 
The sound diffraction conditions prevailing in 
the present work may be estimated by a simple 
substitution in this S function. The quartz 
radiator has a cross section of 1.9 cm; the mini- 
mum frequency employed was 5 X 10 6 cycles/sec.; 
the maximum distance from the source at which 
measurements were made was 4.2 cm; and the 
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Figure 2.15 Absorption of sound in alcohol-water solutions as a function of alcohol 
conc ntration at ~ 25 °C. (Taken from [77].) 
 
The isothermal compressibility of aqueous TBA solutions as a function of 
TBA concentration is shown in Figur  2.16 [81]. It is seen that the isothermal 







Figure 2.16 Isothermal compressibility measurements in TBA-water solutions as a 
function of TBA mole fraction, at T = 25 °C. (Taken from [81].) 
 
The anomalous behavior of sound absorption in the water-rich region of the 
aqueous alcohol solutions was speculated to be due to various factors, such as 
stabilization of the solution by the formation of cage-like or clathrate-like structures 
at low alcohol concentrations [77], or breakdown of the water structure around the 
alcohol beyond a certain alcohol concentration, akin to hydrophobic hydration [62]. 
The anomaly observed in the compressibility of aqueous TBA solutions on the 
addition of small amounts of TBA may be attributed to the formation or breakdown 
of a compression-resistant structure, such as due to the making and breaking of 





2.7  Results from X-ray scattering experiments  
 
There are many works studying the structural properties of aqueous TBA 
solutions by small angle X-ray scattering and X-ray diffraction [24-28]. As shown by 
Nishikawa et al. [24-28], the extrapolated zero-angle X-ray scattering intensity 
exhibits a peak between TBA mole fractions 0.14 and 0.17 [24]. Nishikawa et al. also 
observed that the intensity of this peak increases as the temperature is raised [25]. 
They attributed the observed phenomenon to concentration fluctuations or aggregates 
of TBA-water clusters, which increase in size as the TBA concentration and 
temperature is raised.  
X-ray diffraction studies carried out by Nishikawa et al. and Tanaka et al. in 
aqueous TBA solutions have been interpreted in the light of formation of a cage-like 
or clathrate-like structures of the form (TBA)m(H2O)l, wherein raising the 
temperature may cause a growth of the cluster size [26,28].  
 
2.8  Results from small-angle neutron scattering experiments 
 
D’Arrigio et al., have carried out small-angle neutron scattering (SANS) 
experiments in heavy-water solutions of various alcohols, namely ethanol, n-
propanol, isopropanol, tert-butanol, and butoxyethanol at various temperatures [29]. 
They carried out SANS measurements at a fixed concentration of alcohol at a heavy 
water composition, which corresponds to a concentration where ultrasonic attenuation 




alcohol molecular clusters for TBA- heavy water and butoxyethanol – heavy water 
solutions, beyond 25 °C, which they attribute to the tendency of the system to phase 
separate at higher temperatures.  
D’Arrigio et al., interpreted these observations on the basis of two possible 
scenarios existing in alcohol – heavy water solutions. The first possibility is that 
alcohols form micelle-like structures within the solutions. The second possibility is 
the existence of concentration fluctuations, with no sharp separation between the two 
molecular species. However, they argued that a more elaborated theoretical 
interpretation is needed to better understand the microscopic behavior in these 
systems.  
 
2.9 Results from molecular dynamics simulations  
 
Molecular dynamics simulations on pure TBA and on aqueous TBA solutions 
have been carried out by our collaborator, Professor J. B. Klauda at the University of 
Maryland, College Park [83]. Among the numerous simulation models available for 
water the TIP4P/ICE water model has been used for these simulations mainly because 
it accurately predicts the normal freezing point of water and of solid hydrate phases in 
water [84]. The compositions of each of the components, temperature, and time taken 
for simulations are shown in Table 2.1. (Simulations with propylene oxide, PO, will 






Table 2.1: Compositions (in mole fractions) of each of the components, temperature, 
and time taken for molecular dynamics simulations. 
ID T (K) xTBA xwater xpropylene oxide Time (ns) 
TIP4ICE-285 285 0.0380 0.9620 0.0000 1120 
TIP4ICE-281-PO 281 0.0384 0.9611 0.0005 1200 
7TIP4ICE-281-PO 281 0.0715 0.9281 0.0004 1200 
TIP4ICE-283-5PO 283 0.0625 0.8870 0.0505 500 
TIP4ICE-283-13PO 283 0.0960 0.7770 0.1270 440 




















The radial distribution function (RDF) between the central carbons of TBA, is 
shown in Figure 2.17. This figure shows the presence of a peak at a central carbon 
distance of 4.7 Å and an additional peak at a distance of about 6 Å. The first peak in 
the RDF corresponds to strong van der Waals interactions, while the second peak 


























































Figure 2.17. Radial distribution function between central carbon atom of TBA 
molecules in its aqueous solution, obtained from molecular dynamics simulations by 
using TIP4P-ICE model. The composition of the various components, temperature, 





 The radial distribution functions between oxygen’s of TBA are shown in 
Figure 2.18. The initial large peak corresponds to strong hydrogen-bonding between 


























































Figure 2.18. Radial distribution function between oxygen atoms of TBA molecules in 
its aqueous solution obtained by using the TIP4P-ICE model. The composition of the 
various components, temperature, and time taken for simulations are shown in Table 
2.1 (Taken from [83].) 
 
 These results and simulations by other researchers, Figure 2.19 [23,36-41], 
indicate that pure TBA exhibits a mixture of hydrogen bonding interactions between 
the hydroxyl groups of the TBA molecules and non-polar interactions between the 




401J.L. Finney et al. / Biophysical Chemistry 105 (2003) 391–409
Fig. 6. The molecular centres function g (r) for 0.16 (s),CC–CC
0.11 (q) and 0.06 (y) mole fraction t-butanol in water.
are not separated by an intervening solvent layer
w25x.
Moreover, the area under this peak tells us how
many molecules on average surround a central
solute molecule: it rises from 2.8"0.6 at 0.06
mole fraction, through 4.4"0.6 at the intermediate
concentration, to 5.8"0.6 at the highest 0.16 mole
fraction concentration. Again referring to the very
recent results for the 0.02 mole fraction system
w15x, a coordination number of 1.5"0.7 indicates
that even at this concentration—below the mini-
mum in the partial molar volume—a significant
degree of solute association is found. There is thus
clear structural evidence here of some molecular
segregation, of some tendency to what we might
call ‘microscopic phase separation’.
This tendency to molecular segregation has been
quantified in detail in a study of a concentrated
methanol–water solution w16x. If water and meth-
anol were randomly mixed at the molecular level,
most water would exist as isolated molecules at
this concentration, with distinct water clusters
being rare. In practice although single water mol-
ecules do occur, these constitute only approximate-
ly 13% of all the water molecules in the mixture.
The remaining 87% occur in clusters or strings
containing 2 to 20 or more molecules, with the
most likely structure being a 3-water molecule
cluster. A snapshot of the simulation box (Fig. 7)
shows groups of water molecules hydrogen bonded
together, forming small cavities in a ‘fluid’ of
methyl headgroups. In this image, two water clus-
ters can be seen left of centre and centre right,
hydrogen-bonded to the hydroxyl groups of sur-
rounding methanol molecules. The function of
hydroxyl groups as bridges between methyl head-
groups and water clusters explains another exper-
imental finding w16x: why on average the methanol
hydroxyl groups are further apart in the solution
than in pure methanol.
Again, these results are not limited to a single
system—similar microsegregation behaviour has
also been observed (Fig. 8) in a concentrated (6:1)
t-butanol-water solution w14x. This suggests the
phenomenon is not limited to the methanol system,
but is likely to be general for small alcohols.
This is a further piece of direct structural evi-
dence that challenges the standard interpretation
of the entropy of mixing w2x in solutions of
molecules containing non-polar groups: contrary
to speculation that water structure is either
enhanced or destroyed in an alcohol solution
w23,26x, these results show that the local structure
of water even in a concentrated methanol-water
solution is surprisingly close to its counterpart in
pure water. Whilst the entropy of mixing cannot
be calculated directly from these structural results,
they do imply that the negative excess entropy
observed in these systems w2,26x arises from
incomplete mixing at the molecular level, rather
than from water restructuring. There are similar
suggestions based on non-structural measurements
w27x and simulations w28x.
Furthermore, as we have complete experimen-
tally-consistent structural information on these
solutions, the degree of hydrogen bonding in the
mixture can be calculated and compared to that in
the two liquids before mixing. For the mixture,
the average number of hydrogen bonds per mole-
cule is unchanged from the number that would be
found in the same relative amounts of pure liquids
prior to mixing w16x. The hydrogen bonds between
methanol and water molecules created upon mix-
ing thus compensate almost exactly for the water—
water and methanol—methanol hydrogen bonds
lost upon mixing the pure liquids. It can therefore
be further suggested that the sign and magnitude
of the excess enthalpy of mixing will be deter-
mined by an interplay between the relative
strengths of the alcohol–alcohol, alcohol–water
and water–water hydrogen bonds, since the num-
ber of hydrogen bonds per molecule in solution is
 
Figure 2.19. Partial pair distribution function between central carbon atoms in TBA 
for three different concentrations of TBA in water, as calculated from EPSR 
(empirical structural refinement) models. (Taken from [23].) Compositions in mole 
fractions: Continuous lines: 0.06 TBA; Crosses: 0.11 TBA; Open circles: 0.16 TBA. 
 
Aqueous TBA Solutions 
 
 The RDFs between C-atoms in TBA, as seen from Figure 2.17, show that the 
first peak, which corresponds to va  der Wa ls interactions in pure TBA, disappears 
when in aqueous solution and the second peak at a distance of about 6 Å becomes 
more prominent. A third peak is also seen. These show that in aqueous solutions of 
TBA, relatively more TBA molecules surround a central TBA as compared to the 
situation in pure TBA. 
Bowron et al. have shown that in aqueous TBA solutions, the magnitude of 
the peak seen at ~ 6 Å gets enhanced as the concentration of TBA increases, as seen 




exhibit a secondary peak at a distance of about 8 Å, whose magnitude decreases on 
increasing TBA concentration. Bowron et al. further explain that at low TBA 
concentrations (0.06 mole fraction TBA) solute-solute interactions are obtained 
through methyl group contacts, evidencing a significant association between TBA 
molecules. This association is spontaneous and persists for tens of picoseconds. This 
association occurs until the intermolecular solute-solute interactions can no longer be 
accommodated through the nonpolar methyl-group interactions. As the TBA 
concentration is further increased, beyond 0.16 mole fraction TBA, the interactions 
between the TBA molecules resemble those in pure TBA.  
 The RDFs between the oxygen atoms of TBA are shown in Figure 2.19. As 
stated earlier, the first peak in pure TBA corresponds to strong hydrogen bonds 
between TBA molecules, which disappears when in aqueous solutions. Thus it is seen 
that in pure TBA the hydroxyl groups are hydrogen bonded with themselves, whereas 
in aqueous solution, the hydroxyl groups of TBA hydrogen bond with water. This 
correlates with the behaviour of the activity coefficient of water, discussed in Section 
2.5. 
Snapshots from MD simulations in aqueous TBA solutions, shown in Figure 
2.20, facilitate in the interpretation of the RDFs. Figure 2.20 a) shows a snapshot 
from molecular simulations, indicating a dimer of TBA with van der Waals 
interactions between its methyl groups, surrounded by a hydrogen-bonded polygonal 
(either pentagonal or hexagonal) network between TBA-water and water-water 
molecules. The main peak at ~ 6 Å, as seen in Figure 2.17, corresponds to the 




at ~ 8 Å corresponds to a distance between the central C-atoms in TBA which may be 
trimerized. The water molecules form a structure around TBA molecules, with the 
hydroxyl group of the TBA molecules forming one of the vertices of a polygon.  
 
Figure 2.20 (see below). Snapshots from molecular dynamics simulations of 0.038 
mole fraction aqueous TBA solutions obtained by using the TIP4ICE model at 285 K, 




























































 a.) Snapshots showing water structure around two coordinated TBA 
molecules. The distance between the central carbon of TBA is 5.6 Å. Hydrogen bonds 
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f.) Common triangular clustering of TBA in water. 
 
Figure 2.21 shows the RDFs between the oxygen on TBA and water. The 
main peak at ~ 2.7 Å in Figure 2.21 corresponds to hydrogen bonds between TBA 
and immediately neighboring water. This distance is closer by 0.2 Å than in pure 
TBA and indicates that the hydrogen bonds between water and TBA molecules are 
stronger than hydrogen bonds between TBA molecules [83]. The secondary peaks at 
~ 4.4 Å and the tertiary peak at ~ 5.6 Å in Figure 2.21 corresponds to larger distances 
between the vertices in hexagon and pentagon ring of water. The water clustering 
immediately neighboring a TBA molecule consists of ~ 3 water molecules, which 
come from the first peak in the RDF shown in Figure 2.21. The secondary and the 
tertiary peaks correspond to additional ~ 17 – 21 surrounding water molecules. This 
leads to an effective “micelle” radius of 7.5 Å with the first water shell and 10.5 Å 
including the surrounding shells of water. These bonds between TBA and water 
molecules appear to be transient, with an estimated life-time of the order of                






























































Figure 2.21. Radial distribution function between the oxygen on TBA and water 
obtained by using the TIP4P-ICE model. The composition of the various components, 
temperature, and time taken for simulations are shown in Table 2.1                     
(Taken from [83].) 
 
Clusters of TBA molecules, larger than 3, can also form in aqueous TBA 
solutions. A cluster of 6 TBA molecules in aqueous solution is shown in Figure 2.22. 
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Figure 2.22. Large clustering of neighboring TBA in the same plane and second shell 





Chapter 3: Mesoscale inhomogeneities in aqueous TBA 
solutions  
 
In the previous chapter, macroscopic thermodynamics and molecular 
properties of aqueous TBA solutions were presented. Results from small-angle 
scattering measurements and molecular dynamics simulations were also discussed. In 
this chapter, mesoscopic properties of aqueous TBA solutions are discussed. First, a 
literature review of light-scattering results from aqueous TBA solutions is presented, 
followed by the discussion of a detailed light-scattering study performed in this work. 
The procedure for light-scattering experiments and results from an investigation of 
the effects of temperature, concentration, scattering angle, and source of the solutes 
are discussed.  
 
3.1  Controversies surrounding the mesoscopic properties of aqueous 
TBA solutions – Review of light-scattering investigations 
 
The physical chemistry of aqueous TBA solutions has been studied for a long 
time. In addition to evidence on clustering of TBA molecules in solution, occurring 
on the order of few nanometers [23-44], as seen in the previous chapter, 
investigations from light scattering have shown the presence of mesoscopic 




The spectrum of views and explanations on the interpretation of the observed 
phenomena in aqueous TBA solutions is extremely broad: from structural “phase 
transitions” [85] to alleged artifacts [86], from genuine equilibrium or long-lived 
micro-phase separation, to clathrate precipitation, from micellar-like structural 
fluctuations to concentration fluctuations [87,88].  
Light-scattering investigations in aqueous TBA solutions were first reported 
by Vuks and Shurupova in 1972 [85]. They observed anomalous light scattering in an 
aqueous solution of TBA at about 0.03 mole fraction of TBA in water. They 
attributed this phenomenon to some kind of a “phase transition” in the liquid phase 
between a clathrate-like structure and a less ordered structure.  
Two years later more detailed light-scattering experiments on this system 
were carried out by Beer, Jr. and Jolly [86]. They noticed that the effects reported by 
Vuks and Shurupova are dependent on the purity and the prehistory of the sample and 
attributed those results to the formation of droplets of insoluble impurities.  
Soon after this, isobaric heat-capacity measurements in the same system were 
carried out by Anisimov et al. [68], as shown in Figure 2.6 and 2.7, who observed a 
line of heat-capacity maxima between 0.01 and 0.1 mole fractions TBA in water. The 
greatest effect was observed at about 0.074 mole fraction TBA at a temperature of 
about 0 °C. As discussed in chapter 2, Anisimov et al. attributed this heat-capacity 
anomaly to a nanoscale structural transformation in the liquid phase, but, at the same 
time, pointed out that this transformation could not cause the anomalous light 
scattering observed by Vuks and Shurupova. They further suggested that a sudden 




transformations could produce nanosize droplets or bubbles, which might cause 
anomalous light scattering.  
Further light-scattering experiments by Iwasaki and Fujiyama in 1977 showed 
a strong Rayleigh scattering for various concentrations of aqueous TBA solutions 
[87]. They observed that for concentrations below 0.05 mole fraction TBA, the 
Rayleigh scattering increases on decreasing the temperature, while beyond 0.05 mole 
fraction TBA, the Rayleigh scattering increases on increasing temperature [88]. They 
interpreted the observed phenomenon as due to presence of concentration fluctuations 
of clathrate hydrate structures forming in aqueous TBA solutions.  
Later experiments carried out by Euliss and Sorensen in 1984 showed that in 
an aqueous TBA solution, at a concentration of 0.07 mole fraction TBA, stable 
submicron particles (about 100 nm size) appeared below room temperature [89]. 
These particles disappeared upon heating to room temperature. Even after double 
distilling the TBA and redistilling the water in quartz still, these particles persisted. 
These observations led Euliss and Sorensen to speculate that the effect “might be 
related to some stable solid clathrate of tert-butanol in water perhaps involving a 
trace help gas to promote stability”.  
Subsequent light-scattering studies in aqueous TBA solutions were also 
carried out by Bender and Pecora, but their experiments did not show any anomalous 
light scattering [90]. On the other hand, Bender and Pecora did observe mysterious 
submicron particles in aqueous solutions of 2-butoxyethanol (2BE) below 0.02 mole 
fraction 2BE [91]. However, the phenomenon was strongly dependent on the source 




impurities might be responsible for the anomaly. Another system, which shows 
similar behavior, is the aqueous solution of tetrahydrofuran (THF) [92]. 
Motivated by these controversies regarding the mesoscopic properties of 
aqueous TBA solutions as observed by light scattering, a comprehensive static and 
dynamic light scattering study of aqueous TBA solutions has been carried out in this 
work [55]. Results from light scattering have been supplemented by results from 
confocal microscopy and gas chromatography, which help elucidate the mesoscopic 
properties of aqueous TBA solutions.  
The details of the experimental procedure and results thereof are discussed 
below.  
 
3.2  Experimental techniques and procedures  
 
Light scattering technique 
 
 The light-scattering experiments in aqueous TBA solutions were carried out 
with a setup consisting of a single He-Ne laser, a single photomultiplier, and an 
automatic goniometer. The set-up and its schematic are shown in Figure 3.1.  
The optical cell with the aqueous TBA sample was submerged in a liquid 
(silicone oil with a refractive index of 1.498 that closely matches the refractive index 
of the optical cell) to obtain a uniform temperature around the sample and to avoid 
any stray light. The sample was subjected to various temperatures ranging from 8 °C 




electric heater and a water cooler, which are part of the Photocor light- scattering 






Experimental Technique - Light Scattering Setup 
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  q is the wave number 
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Figure 5. Intensity auto-correlation functions for for 
the 0.073 mol fr. TBA   solution.  
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553 mode is nearly spherical, as the anisotropic contribution in the
554 light-scattering intensity is negligible.
555 We have performed similar experiments with samples pre-
556 pared from the second source of TBA (Alfa Aesar). Samples with
557 concentration from 0.01 to 0.11 mole fraction TBA were tested.
558 A maximum in the light-scattering intensity has been observed
559 for the 0.073 mole fraction TBA solution (8.5 !C) and a
560 scattering angle ! = 45! (Figure 13F13 ). At all of the concentrations
561 the molecular di!usion mode was detected. The angular dis-
562 tribution of the scattering intensity exhibits a strong asymmetry
563 associated with the presence of mesoscale particles.
564 We were able to clearly detect the mesoscale relaxation mode
565 for all concentrations investigated. The mesoscale mode became
566 highly pronounced at lower temperatures. The average size of the
567 observed mesoscale particles, for various concentrations at 8.5 !C,
568 varies from about 150 nm to about 400 nm depending on the
569 wavenumber probed. A larger e!ective size is observed at smaller
570 angles; this e!ect can be attributed to the polydispersity of these
571particles. Therefore, the mesoscale particles are equally formed
572in solutions prepared from di!erent sources of TBA, although
573the average size under the same conditions is not exactly the
574same.
575Some preliminary experiments were also carried out by fast
576cooling (7 !C 3min
-1) from (50 to 8.5) !C of the sample with
5770.073 mole fraction TBA. The sample was then left to “equili-
578brate” for two hours. The mesoscale particles formed in this
579sample appear somewhat di!erent from those formed in the
580slowly cooled (5 !C 3 h
-1) sample. As seen in Figure 14 F14, the
581correlation function can be nicely "tted to a single exponential
582without showing any signi"cant polydispersity of the mesoscale
583particles. Moreover, the particle size is smaller (about 100 nm).
Figure 12. Wavenumber dependence of the inverse light-scattering
intensity for the 0.073mole fractionTBA aqueous solution.O,T=8.5 !C;!,
T = 21 !C; 4, T = 50 !C. The straight lines are given for guidance.
Figure 13. Light-scattering intensity in the aqueous solution with
di!erent mole fractions of TBA at a scattering angle ! = 45! and at
T = 8.5 !C.
Figure 14. Time-dependent correlation function (open circles) for the
0.073 mole fraction TBA aqueous solution at a scattering angle ! = 60!
and at T = 8.5 !C, obtained after fast cooling of the sample. The solid
curve represents a "t to a single exponential decay. This "t approximates
the mesoscale mode as being associated with Brownian di!usion (D =
3.0 3 10
-9 cm2 3 s
-1) of monodisperse particles. In this case themesoscale
particles are smaller and exhibit less polydispersity as compared to that
observed in Figure 10.
Figure 15. Confocal microscopy images of the 0.083mole fraction TBA
aqueous solution at about 10 !C. The particles are polydisperse and
range in size from a few hundred nanometers to a micrometer.
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! The clathrate forming ability of PO 
stabilizes  the  structural 
fluctuations inherent in aqueous 
TBA solutions, to create a long-
ranged order. 
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mesoscopic inhomogen ities, 
self-assembled structur s, seen 






! The normalized intensity auto-
correlation function is given as: 
    
  !  is the relaxation time.  
 
! Relaxation time is related to the 
diffusion coefficient as: 
   
  q is the wave number 
 
!  C o n f o c a l  m i c r o s c o p y 
experiments are also carried out 
in the sample under cold 
conditions.   
F i g u r e  3 .  T i m e 
evolution of the light-
scattering intensity 
upon cooling from 
50°C to 8°C for the 
0.087 mole fraction 
TBA   aqueous 
solution. 
 
F i g u r e 4 . C o n f o c a l 
microscopy images of 
the 0.083 mole fraction 
TBA aqueous solution at 
about 100C, showing 
mesoscopic particles. 
!  In order to remove the mesoscopic particles, the aqueous TBA 
sample was filtered through a 20 nm filter, under cold 
conditions. 
! To regenerate the particles, trace amounts (             mole 
fraction) of propylene xide (PO) was added to it. 



























523 We have measured the decay rate of the mesoscale mode at
524 various scattering angles. As seen from Figure 10F10 , the mesoscale
525 mode in the TBA solutions obeys, wi hin the experiment l errors,
526 simple di!usion dynamics described by eq 2. We have calculated
527 an average hydrodynamic radius Rm associated with the mesos-
528 cale mode by using eq 3. The average size of the observed
529 particles for the 0.073 mole fraction TBA aqueous solution varies
530 from about 300 nm at 21 !C to about 600 nm at about 8 !C
531 (Figure 10). If these particles were monodisperse, one would
532 expect that the particle size, at a particular temperature, should
533 remain constant when probed with di!erent angles. However, it
534 is seen in Figure 11F11 that there is a certain discrepancy in the
535 particle size measured at di!erent angles at a given temperature.
536 Thus we conclude that these particles are generally polydisperse.
537 The polydispersity increases upon cooling. This conclusion is
538 supported by the fact that at 8 !C the e!ective particle sizes
539obtained for small angl (! = 20! and ! = 30!) are largest,
540because larger particles scatter more light at smaller angles.
541We have also measur d the overall light-scattering intensity at
542various scattering angles ranging from 20! to 135!. The angular
543distribution exhibits a strong asymmetry, which becomes even
544more pronounced at low temperatures (Figure 12 F12), where the
545inverse intensity approximately follows a q2 dependence with the
546slope given by (1/3)Rg
2/I(q = 0) where Rg is the average radius
547of gyration and I(q = 0) is the intensity extrapolated to zero
548wavenumber;48 the e!ect is consistent with the results obtained
549from the correlation-function analysis (Figure 10). The scat-
550tered intensity depolarization ratio at the angle of 90! has also
551beenmeasured. This ratio is very close to zero. We thus conclude
552that the shape of the particles associated with the mesoscale
Figure 8. ime evolution of the light-scattering intensity upon cooling
from (50 to 8) !C for the 0.087 mole fraction TBA aqueous solution at a
scattering angle ! = 45!.
Figure 9. Time-dependent correlation function (open circles) for the
0.083 mole fraction TBA aqueous solution at T = 8.5 !C and scattering
angle ! = 60!. The solid curve represents the "t to a si gle exponential
decay. This "t approximates the mesoscale mode as being associated
with Brownian di!usion (D = 6.9 3 10
-10 cm2 3 s
-1) of monodisperse
particles, which actually display some polydispersity.
Figure 10. Wavenumber dependence of the decay rate !2 of the
mesoscale mode in the 0.083 mole fraction TBA aqueous solution at
T = 20.8 !C. The slope of he line dependence yields the average
e!ective di!usion coe#cient (D = 1.0 3 10
-9 cm2 3 s
-1).
Figure 11. E!ective hydrodynamic radius Rm of the mesoscale particles
as a function of te perature for the 0.083 mole fraction TBA aqueous
solution.O, ! = 20!;!, ! = 30!;0, ! = 45!;], ! = 60!;4, ! = 90!. The
dashed line shows the trend of the temperature dependence of the
particle size obtained from scattering at ! = 20! and the dotted-dashed
line the trend of the particle size obtained from scattering at ! = 90!. The
st eper slope is att ibuted to particle polydispersity.
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Figure 5. Intensity auto-correlation 
functions for for the 0.073 mole 
fraction TBA   aqueous solution. 
! C o l d f i l t r a t i o n r e o v e s t h e 
mesoscopic particles, although 
molecular diffusion is still seen. 
! Addition of PO regenerates the 
mesoscopic particles.  Figure 1: Light scattering set-up used 
to study aqueous TBA solutions. 
 
Figure 2: Intensity auto-
correlation functions for for 
the 0.083 mole fraction TBA 
aqueous solution 
! Two relaxation modes are 
seen at room temperature. 
! Molecular mode 
! Mesoscale mode 
! The mesoscale mode 
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553 mode is nearly spherical, as the anisotropic contribution in the
554 light-scattering intensity is negligible.
555 We have performed similar experiments with samples pre-
556 pared from the second source of TBA (Alfa Aesar). Samples with
557 concentration from 0.01 to 0.11 mole fraction TBA were tested.
558 A maximum in the light-scattering intensity has been observed
559 for the 0.073 mole fraction TBA solution (8.5 !C) and a
560 scattering angle ! = 45! (Figure 13F13 ). At all of the concentrations
561 the molecular di!usion mode was detected. The angular dis-
562 tribution of the scattering intensity exhibits a strong asymmetry
563 associated with the presence of mesoscale particles.
564 We were able to clearly detect the mesoscale relaxation mode
565 for all concentrations investigated. The mesoscale mode became
566 highly pronounced at lower temperatures. The average size of the
567 observed mesoscale particles, for various concentrations at 8.5 !C,
568 varies from about 150 nm to about 400 nm depending on the
569 wavenumber probed. A larger e!ective size is observed at smaller
570 angles; this e!ect can be attributed to the polydispersity of these
571particles. Therefore, the mesoscale particles are equally formed
572in solutions prepared from di!erent sources of TBA, although
573the average size under the same conditions is not exactly the
574same.
575Some preliminary experiments were also carried out by fast
576cooling (7 !C 3min
-1) from (50 to 8.5) !C of the sample with
5770.073 mole fraction TBA. The sample was then left to “equili-
578brate” for two hours. The mesoscale particles formed in this
579sample appear somewhat di!erent from those formed in the
580slowly cooled (5 !C 3 h
-1) sample. As seen in Figure 14 F14, the
581correlation function can be nicely "tted to a single exponential
582without showing any signi"cant polydispersity of the mesoscale
583particles. Moreover, the particle size is smaller (about 100 nm).
Figure 12. Wavenumber dependence of the inverse light-scattering
intensity for the 0.073mole fractionTBA aqueous solution.O,T=8.5 !C;!,
T = 21 !C; 4, T = 50 !C. The straight lines are given for guidance.
Figure 13. Light-scattering intensity in the aqueous solution with
di!erent mole fractions of TBA at a scattering angle ! = 45! and at
T = 8.5 !C.
Figure 14. Time-dependent correlation function (open circles) for the
0.073 mole fraction TBA aqueous solution at a scattering angle ! = 60!
and at T = 8.5 !C, obtained after fast cooling of the sample. The solid
curve represents a "t to a single exponential decay. This "t approximates
the mesoscale mode as being associated with Brownian di!usion (D =
3.0 3 10
-9 cm2 3 s
-1) of monodisperse particles. In this case themesoscale
particles are smaller and exhibit less polydispersity as compared to that
observed in Figure 10.
Figure 15. Confocal microscopy images of the 0.083mole fraction TBA
aqueous solution at about 10 !C. The particles ar p lydisperse and
range in size from a few hundred nanometers to a micrometer.
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! The clathrate forming ability of PO 
stabilizes  the  structural 
fluctuations inherent in aqueous 
TBA solutions, to create a long-
ranged order. 
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! The normalized intensity auto-
cor elation function is given as: 
  
  ! is the relaxation time. 
 
! Relaxation time is related to the 
dif usion coef icient as: 
  
  q is the wave number 
 
!  C o n f o c a l  m i c r o s c o p y 
experiments are also car ied out 
in the sample under cold 
conditions. 
F i g u r e  3 .  T i m e 
evolution of the light-
scat ering inten ty 
upon cooling from 
50°C to 8°C for the 
0.087 mol  fraction 
TBA   aqueous 
solution. 
 
F i g u r e 4 . C o n f o c a l 
microscopy images of 
the 0.083 mole fraction 
TBA aqueous solution at 
about 100C, showing 
mesosc pic particles. 
!  In orde  to remov  the oscopic particles, the queous TBA 
sample was filtered through a 20 nm filter, under cold 
conditions. 
!  o regenerate the particles, trace amounts (             mole 
fraction) of propylene xide (PO) was added to it. 



























523 We have measured the decay rate of the mesoscale mode at
524 various scattering angles. As se n from Figure 10F10 , the mesoscale
525 mode in the TBA soluti ns obeys, within th exp imental e ors,
526 simple di!usion dynamics described by eq 2. We have calculated
527 an average hydrodynamic radius Rm as ociated with the mesos-
528 cale mode by using eq 3. The average size of the observed
529 particles for the 0.073 mole fraction TBA aqueous solution varies
530 from about 30 nm at 21 !C to about 60 nm at about 8 !C
531 (Figure 10). If these particles were monodisperse, one would
532 expect that the particle size, at a particular temperature, should
53 remain constant when probed with di!erent angles. However, it
534 is se n in Figure 1F1 that there is a certain discrepancy in the
535 particle size measured at di!erent angles at a given temperature.
536 Thus we conclude that hese particles are generally polydisperse.
537 The polydispersity increases upon co ling. This conclusion is
538 sup orted by the fact that at 8 !C the e!ective particle sizes
539obta ed for small angles (! = 20! and ! = 30!) are largest,
540because larger particles scatter more light at smaller angles.
541We have also measured the overall ight-scattering intensity at
542various scattering angles ranging from 20! to 135!. The angular
543distribution exhibits a strong asymmetry, which becomes even
54more pronounced at low temperatures (Figure 12 F12), where the
545inverse intensity ap roximately follows a q2 dependence with the
546slope given by (1/3)Rg
2/I(q = 0) where Rg is the average radius
547of gyration and I(q = 0) is the intensity extrapolated to zero
548wavenumber;48 the e!ect is consistent with the results obtained
549from the cor elation-function analysis (Figure 10). The scat-
5 0tered intensity depolarization ratio at the angle of 90! has also
5 1be nmeasured. This ratio is very close to zero. We thus conclude
5 2that the shape of the particles as ociated with the mesoscale
Figure 8. Time evolution of the light-scattering intensity upon co ling
from (50 to 8) !C for the 0.087 mole fraction TBA aqueous olution at a
scattering angle ! = 45!.
Figure 9. Time-dependent correlation function (open circles) for the
0.083 mole fraction TBA aqueous olution at T = 8.5 !C and a scattering
angle ! = 60!. The solid curve represents the "t o a singl exp ential
decay. This "t ap roximates the esoscale mode as being as ociated
with Brownian di!usion (D = 6.9 3 10
-10 cm2 3 s
-1) of monodisperse
particles, which actually display some polydispersity.
Figure 10. Wavenumber dependence of the decay rate !2 of the
mesoscale mode in the 0.083 mole fraction TBA aqueous solution at
T = 20.8 !C. The lope of the linear dependence yields the average
e!ective di!usion coe#cient (D = 1.0 3 10
-9 cm2 3 s
-1).
Figure 1 . E!ective hydrodynamic radius Rm of the mesoscale particles
s a function of te perature for the 0.083 mole fraction TBA aqueous
solution.O, ! = 20!;!, ! = 30!;0, ! = 45!;], ! = 60!;4, ! = 90!. The
dashed line shows the trend of the temperature dependence of the
particle size obtained from scattering at ! = 20! and the dotted-dashed
line the trend of the particle size obtained from scattering at ! = 90!. The
ste per slope is attribu ed to particle polydisp rsity.
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553 mode is nearly spherical, as the anisotropic contribution in the
554 light-scattering intensity is negligible.
555 We have performed similar experiments with samples pre-
556 pared from the second source of TBA (Alfa Aesar). Samples with
557 concentration from 0.01 to 0.1 mole fraction TBA were tested.
558 A maximum in the light-scattering intensity has be n observed
559 for the 0.073 mole fraction TBA solution (8.5 !C) and a
560 scattering angle ! = 45! (Figure 13F13 ). At all of the concentrations
561 the molecular di!usion mode was detected. The angular dis-
562 tribution of the scattering intensity exhibits a strong asymmetry
563 associated with the presence of mesoscale particles.
564 We were able to clearly detect the mesoscale relaxation mode
565 for all concentrations investigated. The mesoscale mode became
566 highly pronounced at lower temperatures. The average size of the
567 observed mesoscale particles, for various concentrations at 8.5 !C,
568 varies from about 150 nm to about 40 nm depending on the
569 wavenumber probed. A larger e!ective size is observed at smaller
570 angles; this e!ect can be attributed to the polydispersity of these
571particles. Therefore, the mesoscale particles are equally formed
572in solutions prepared from di!erent sources of TBA, although
573the average size under the same conditions is not exactly the
574same.
575Some preliminary experiments were also carried out by fast
576co ling (7 !C 3min
-1) from (50 to 8.5) !C of the sample with
5770.073 mole fraction TBA. The sample was then left to “equili-
578brate” for two hours. The mesoscale particles formed in this
579sample ap ear somewhat di!erent from those formed in the
580slowly co led (5 !C 3 h
-1) sample. As se n in Figure 14 F14, the
581correlation function can be nicely "tted to a single exponential
582without showing any signi"cant polydispersity of the mesoscale
583part cles. Moreover, the particle size is smaller (about 10 nm).
Figure 12. Wavenumber dependence of the inverse light-scattering
intensity for the 0. 73mole fractionTBA aqueous olution.O,T=8.5 !C;!,
T = 21 !C; 4, T = 50 !C. The straight lines are given for guidance.
Figure 13. Light-scattering intensity in the aqueous solution with
di!erent ole fractions of TBA at a sc ttering angle ! = 45! and at
T = 8.5 !C.
Figure 14. Time-dependent correlation function (open circles) for the
0.073 mole fraction TBA aqueous olution at a scattering angle ! = 60!
and at T = 8.5 !C, obtained after fast co ling of the sample. The solid
curve represents a "t to a single xponential decay. This "t ap roximates
the mesoscale mode as being associated with Brownian di!usion (D =
3.0 3 10
-9 cm2 3 s
-1) of monodisperse particles. In this case themesoscale
particles are smaller and exhibit less polydispersity as compared to that
observed in Figure 10.
Figure 15. Confocal microscopy images of the 0.083mole fraction TBA
aqueous solution at about 10 !C. T particles ar polydi perse and
range in size from a few hundred nanometers to a micrometer.
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Figure 5. Intensity auto-cor elation 
functions for for the 0.073 mole 
fraction TBA aqueous solution. 
! C o l d f i l t r a t i o n r e o v e s t h e 
mesoscopic particles, although 
molecular dif usion is stil  seen. 
! Addition of PO regenerates the 
mesoscopic particles. Figure 1: Light scat ering set-up used 
to study aqueous TBA solutions. 
 
Figure 2: Intensity auto-
cor elation functions for for 
the 0.083 mole fraction TBA 
aqueous solution 
! Two relaxation modes are 
seen at room temperature. 
! Molecular mode 
! Mesoscale mode 
! The mesoscale mode 
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553 mode is nearly spherical, as the anisotropic contribution in the
554 light-scattering intensity is negligible.
555 We have p rfo med similar experim n s with sa pl s pre-
556 pared from the second source of TBA (Alfa Aesar). Samples with
557 co centration from .01 to 0. 1 mole fraction TBA were tested.
558 A maxi um in the light-scattering intensity has b en observed
559 for the .073 mole fraction TBA solution (8.5 !C) and a
560 scattering angle ! = 45! (Figure 13F13 ). At all of the concentrations
561 the molecular di!usion mode was d tected. The angular dis-
562 tributi n of the scattering intensity exhibits a strong asy metry
563 associated wit the pr sence of mesoscale particles.
564 W w re able to clearly d tect the me oscal rel xation mode
565 for all co centrations investigated. The me oscale mode became
566 ighly pronounced at lower temperatures. The average size of the
567 obs rved mesoscale particles, for various concen rations at 8.5 !C,
568 varies from about 150 nm to about 400 nm d pending on the
569 wavenumber probed. A larg r !ective size is observed at smaller
570 angles; t i e!ect can be attribut d o the polydispers ty of these
571particles. rticles are equal y for
in soluti s t rces of BA, alt
the avera i iti s is not exactly t
sa e.
So e r li i i r als ca ried out by f st
cooling ( 3 i fr t . ! of the sa ple it
.073 l fracti . sa l as then left to “ ili-
brate” f r t urs. e es scale articles for ed i t is
sa ple appear so e hat di!erent fro those for ed i t
slowly cooled (5 ! 3 h
-1) sa ple. As seen in Figure 14, t
581correlation function can be nicely "tted to a single expone ti l
582without showing any signi"cant polydispersity of the es scal
583particl s. Moreover, the particle siz is smaller (ab ut 100 ).
Figure 12. Wavenumber dependence of the inverse light-scattering
intensity for the 0. 73mole fractionTBA aqu ous solution.O,T=8.5 !C;!,
T = 21 !C; 4, T = 50 !C. The straight lines are given for guidance.
Figure 13. Light-scattering intensity in the aqueous solution with
di!erent mole fractions of TBA at a scattering angle ! = 45! and at
T = 8.5 !C.
Figure 14. Time-dependent c rrelation function (ope circl s) for the
0.073 mole fraction TBA aqueous soluti n at a scattering angle ! = 60!
and at T = 8.5 !C, obtained after fast cooling of the ample. The solid
curv represents a "t to a single exponential decay. This "t appr ximates
the mesoscale mode as being associated with Browni n di!usion (D =
3.0 3 10
-9 cm2 3 s
-1) of monodisperse particles. In this case themes scale
particles are smaller and exhibit less polydispersity as compared to that
observed in Figure 10.
Figure 15. f l i r i f t e 0.083 ole fraction TBA
aqueous s l ti . rticles are p lydisperse and
range in size fr t rs to a icro eter.
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! The clathrate forming ability of PO 
stabilizes  the  structural 
fluctuations inherent in aqueous 
TBA solutions, to create a long-
ranged order. 
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! To determine the origin  of 
mesoscopic inhomogeneities, 
self-assembled structures, seen 






! The normalized intensity auto-
correlation function is given as: 
    
  !  is the relaxation time.  
 
 Relaxation time is rela ed to the 
diffusion coefficient as: 
   
  q is the wave number 
 
!  C o n f o c a l  m i c r o s c o p y 
experiments are also carried out 
in the sample under cold 
conditions.   
F i g u r e  3 .  T i m e 
evolution of the light-
scattering intensity 
upon cooling from 
50°C to 8°C for the 
0.087 mole fraction 
TBA   aqueous 
solution. 
 
F i g u r e 4 . C o n f o c a l 
mi roscopy images of 
the 0.083 mole fraction 
TBA aqueous solution at 
about 100C, showing 
mesoscopic particles. 
!  In order to remove the mesoscopic particles, the aqueous TBA 
a ple wa  filtere  through a 20 nm filter, under cold 
conditions. 
! To regenerate the particles, trace amounts (             mole 
fraction) of propyl n  xid  (PO) w s added to it. 



























523 We have easured the decay rate of the mesoscal mode a
524 various scattering angles. As seen from Figure 10F10 , the mesoscale
525 de in the TBA s lutions obeys, within the experimental rrors,
526 simple di!usion dy am cs described by eq 2. We have calculate
527 an average hydrodynamic radius Rm associated with the mesos-
528 cale mode by using eq 3. The average size of the observed
529 particles for the 0.073 mole fraction TBA aqueous solution varies
530 from about 300 nm at 21 !C to about 600 nm at about 8 !C
531 (Figure 10). If these particles were mo odisperse, one would
532 expect that the particle size, at a particular temperature, should
533 remain constant when probed with di!erent angles. However, it
534 is see in Figure 11F11 that there is a certain discr pancy in the
535 particle size measur d t di! rent angles at a giv n temperature.
536 Thus we c nclude that these p rticles are generally polydisperse.
537 The polydispersity increases upo cooling. This conclusion is
538 supported by the fact that at 8 !C the e!ective particle sizes
539obtained for small angles (! = 20! and ! = 30!) are largest,
540b cause larg r particles scatter ore light at smaller angles.
541We have also measured the overall light-scattering intensity at
542various scattering angles ranging from 20! to 135!. The angular
543distribution exhibits a strong asymmetry, which becomes even
544more pronounced at low temperatures (Figure 12 F12), where the
545inverse intensity approximately follows a q2 dependence with the
546slope given by (1/3)Rg
2/I(q = 0) where Rg is the average radius
547of gyration and I(q = 0) is the intensity extrapolated to zero
548wavenu b r;48 the e! ct is consistent with the results obt ined
549from the corre atio -functi n analysis (Figure 10). The scat-
550ered inten ity dep larization ratio at t e angl f 90! has also
551beenmeasured. This ratio is very close to zero. We thus conclude
552that the shape of the particles associated with the mesoscale
Figure 8. Time evolution of the light-scattering intensity upon cooling
from (50 to 8) !C for the 0.087 mole fraction TBA aqueous solution at a
scattering angle ! = 45!.
Figure 9. Time-dependent correlation function (open circles) for the
0.083 mole fracti n TBA aqueous solutio at T = 8.5 !C nd a scattering
angle ! = 60!. The sol d curve rep ese t the "t o a single expon nt al
decay. This "t approxi ates the mesoscale mode as being associated
with Brownian di!usion (D = 6.9 3 10
-10 cm2 3 s
-1) of monodisperse
particles, which actually display some polydispersity.
Figure 10. Wavenumber dependence of the decay rate !2 of the
mesoscale mode in the 0.083 mole fraction TBA aqueous solution at
T = 20.8 !C. The slope of the linear dependence yields the average
e!ective di! si n coe#cie t (D = 1.0 3 10
-9 cm2 3 s
-1).
Figure 11. E!ective hydrodynamic radius Rm of the mesoscale particles
as a function of temp rat re for he 0.083 mole fraction TBA aqueous
solution.O, ! = 20!;!, ! = 30!;0, ! = 45!;], ! = 60!;4, ! = 90!. The
das d line shows th trend of the temperature dependence of the
particle size obtained fro scattering at ! = 20! and the dotted-dashed
line the trend of the particle size obtained from scattering at ! = 90!. The
s e per slope is ttributed to particle polydispersity.
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Figure 5. Intensity auto-correlation 
functions for for the 0.073 mole 
f action TBA   aqueous s lution. 
! C o l d f i l t r a t i o n r e m o v e s t h  
mesoscopic particles, although 
molecular diffusion is still seen. 
! Addition of PO regenerates the 
mesoscopic particles.  Figure 1: Light scattering set-up used 
to study aqueous TBA solutions. 
 
Figure 2: Intensity auto-
correlation functions for for 
the 0.083 mole fraction TBA 
aque u s lution 
! Two relaxation modes are 
seen at room temperature. 
! Molecular mode 
! Mesoscale mode 
! The esoscale mode 
d o m i n t e s  a t  l o w 
t p ratur . 
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553 mode is nearly spherical, as the anisotropic contribution in the
554 light-scattering intensity is negligible.
555 We have performed similar experiments with samples pre-
556 pared from the second source of TBA (A fa Aesar). Samples with
557 concentration from 0.01 t 0.11 mole fraction TBA were tested.
558 A maximum in the light-scattering intensity has been observed
559 for the 0.073 mole fraction TBA solu ion (8.5 !C) and a
560 scattering angle ! = 45! (Figu e 13F13 ). At all of the concentrations
561 the molecular di!usion m de was detected. The angular dis-
562 tribution of the scattering intensity exhibits a strong asymmetry
563 associated with the prese ce of mesoscale particles.
564 We were able to clearly detect the mesoscale relaxation mode
565 for all concentrations investigated. The mesoscale mode became
566 highly pronounced at lower temperature . The average size of the
567 observed mesoscale parti les, for various concentrations at 8.5 !C,
568 varies from about 150 nm to bout 400 nm depending on the
569 wavenumber probed. A larger e!ective size is observed at smaller
570 a gles; this e!ect can be attributed to the polydispersity of these
571particles. Therefore, the mesoscale particles are equally formed
572in solutions prepared from di!erent sources of TBA, although
573the average size under the same conditions is not exactly the
574same.
575Some preliminary experiments were also carried out by fast
576cooling (7 !C 3min
-1) from (50 to 8.5) !C of the sample with
5770.073 mole fraction TBA. The sample was then left to “equili-
578brate” for two hours. The mesoscale particles formed in this
579sample appear somewhat di!erent from those formed in the
580slowly cooled (5 !C 3 h
-1) sample. As seen in Figure 14 F14, the
581correlation function can be nicely "tted to a single exponential
582without showing any signi"cant polydispersity of the mesoscale
583p rticles. Moreover, the particle size is smaller (about 100 nm).
Figure 12. Wavenumber dependence of the inverse light-scattering
intensity for the 0.073mole fractionTBA aqueous solution.O,T=8.5 !C;!,
T = 21 !C; 4, T = 50 !C. The straight lines are given for guidance.
Figure 13. Light-scattering intensity in the aqueous solution with
di!erent mole fractions of TBA at a scattering angle ! = 45! and at
T = 8.5 !C.
Figure 14. Time-dependent correlation function (open circles) for the
0.073 mole fraction TBA aqueous solution at a scattering angle ! = 60!
and at T = 8.5 !C, obtained after fast cooling of the sample. The solid
curve represents a "t to a single exponential decay. This "t approximates
the mesoscale mode as being associated with Brownian di!usion (D =
3.0 3 10
-9 cm2 3 s
-1) of monodisperse particles. In this case themesoscale
particles are smaller and exhibit less polydispersity as compared to that
observed in Figure 10.
Figure 15. Confocal microscopy images of the 0.083mole fraction TBA
aqueous solution at about 10 !C. The particles ar p lydisperse and
range in size from a few hundred nanometers to a micrometer.
Journal of Chemical & Engineering Data ARTICLE










! = 30° 
T = 22.8°C 
T = 8.5°C 
! !10"5s ! !10"3s
! = 45° 
T = 8.5°C 
! The clathrate forming ability of PO 
stabilizes  the  struc ural 
fluctuations inherent in aqueous 
TBA solutions, to create a long-
ranged ord r. 
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! To determine the origin  of 
mes scopic inhomogeneities, 
self-assembled structures, seen 






! The normalized intensity auto-
cor elation function is given as: 
  
  ! is the relaxation time. 
 
! Relaxation time is related to the 
dif usion coef icient as: 
  
  q is the wave number 
 
!  C o n f o c a l  m i c r o s c o p y 
experiments are also car ied out 
in th sample under cold 
conditions. 
F i g u r e  3 .  T i m e 
evolution of the light-
scat ering intensity 
upon cooling from 
50°C to 8°C for the 
0.087 mol  fraction 
TBA   aqueous 
solution. 
 
F i g u r e 4 . C o n f o c a l 
icr scopy images of 
the 0.083 mole fraction 
TBA aqueous solution at 
about 100C, showing 
mesosc pic particles. 
!  In orde  to remov  the oscopic particles, the queous TBA 
ample was filtere  through a 20 nm filter, under cold 
conditions. 
! To reg erate the particles, trace amounts (             mole 
fraction) f propylene xide (PO) w s added to it. 



























523 We have measured he decay rate of the mesoscal m de at
524 various scattering angles. As se n from Figure 10F10 , the mesoscale
525 mode in the TBA solutions obeys, within the experimental er ors,
526 simple di!usion dynamics described by eq 2. We have calculated
527 an average hydrodynamic radius Rm as ociated with the mesos-
528 cale mode by using eq 3. The average size of the observed
529 particles for the 0.073 ole fraction TBA aqueous solution varies
530 from about 30 nm at 21 !C to about 60 nm at about 8 !C
531 (Figure 10). If these particles were monodisperse, one would
532 expect that the particle size, at a particular temperature, should
53 remai constant when pro ed with di!erent angles. However, it
534 is se n i Figu e 1F1 that there s a certain discrepancy in the
535 particle siz measur d t di!er nt angles at a given t mperature.
536 Thus we conclude that hese p rticl s are generally polydisperse.
537 The polydispersity increases upon co ling. This conclusion is
538 sup orted by the fact that at 8 !C the e!ective particle sizes
539obtained for small angles (! = 20! and ! = 30!) are largest,
540because larg r particles scatter more light at smaller angles.
541We have also easured the overall ight-scattering intensity at
542various scattering angles ranging from 20! to 135!. The angular
543distribution exhibits a strong asymmetry, which becomes even
54more pronounced at low tempera ures (Figure 12 F12), where the
545i verse i t nsity ap roximately follows a q2 dependence with the
546slope given by (1/3)Rg
2/I(q = 0) where Rg is the average radius
547of yration and I(q = 0) is the intensity extrapolated to zero
548wavenumb r;48 th e! c is consistent with the results obt ined
549from the cor elation-fu cti n analysis (Figure 10). The scat-
5 0tered intensity dep larization ratio at t e angle f 90! has also
5 1be nmeasured. This ratio is very close to zero. We thus conclude
5 2that the shape of the particles as ociated with the mesoscale
Figure 8. Time ev lution of the light-scattering intensity upon co ling
from (50 to 8) !C for the 0.087 mole fraction TBA aqueous olutio at a
scattering angle ! = 45!.
Figure 9. Time-dependent correlation function (open circles) for the
0.083 mole fraction TBA aqu ous olutio at T = 8.5 !C and a scattering
a gle ! = 60!. The sol d curve repre e ts the "t o a single exponent al
d cay. T is "t ap roxi ate th meso cale mode as being as ociated
ith Brownian di!usion (D = 6.9 3 10
-10 cm2 3 s
-1) of monodisperse
particles, which actually display some polydispersity.
Figure 10. Wavenumber dependence of the decay rate !2 of the
mesoscale mode in the 0.083 mole fraction TBA aqueous solution at
T = 20.8 !C. The sl pe of the linear dependence yields the average
e!ectiv di!usion coe#ci nt (D = 1.0 3 10
-9 cm2 3 s
-1).
Figure 1 . E!ective hydrodynamic radius Rm of the mesoscale particles
as a fu ction of temp rature for the 0.083 mole fraction TBA aqueous
s lution.O, ! = 20!;!, ! = 30!;0, ! = 45!;], ! = 60!;4, ! = 90!. The
dashed line shows the trend of the temperature dependence of the
particle size obtained fro scattering at ! = 20! and the dotted-dashed
line the trend of the particle size obtained from scattering at ! = 90!. The
ste per sl pe is attributed to p rticle polydispersity.
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553 mode is nearly spherical, as the anisotropic contribution in the
554 light-scattering intensity is negligible.
555 We have performed similar experiments with samples pre-
556 pared from the s cond sourc of TBA (Alfa Aesar). Samples with
557 conce tration from 0.01 to 0.1 mole fraction TBA were tested.
558 A maximum in the light-scattering intensity has be n observed
559 for the 0.073 mole fraction TBA solution (8.5 !C) and a
560 scattering angle ! = 45! (Figure 13F13 ). At all of the concentrations
561 the molecular di!usion ode was detected. The angular dis-
562 tribution of the scattering intensity exhibits a strong asymmetry
563 associated with the presence of mesoscale particles.
564 We were able to clearly detect the mesoscale relaxation mode
565 for all concentrations investigated. The mesoscale mode became
566 highly pronounced at lower temperatures. The average size of the
567 observed mesoscale particles, for various concentratio s at 8.5 !C,
568 varies from about 150 nm to about 40 nm depending on the
569 wavenumber probed. A larger e!ective size is observed at smaller
570 a gles; this e! ct can be attributed to the polydispersity of these
571particles. Therefore, the mesoscale particles are equally formed
572in solutions prepared from di!erent sources of TBA, although
573the average size under the ame conditions is not exactly the
574same.
575Some preliminary experiments were al o carried out by fast
576co ling (7 !C 3min
-1) from (50 to 8.5) !C of the sample with
5770.073 mole fraction TBA. The sample was then left to “equili-
578brate” for two hours. The mesoscale particles formed in this
579sample ap ear somewhat di!erent from those formed in the
580slowly co led (5 !C 3 h
-1) sample. As se n in Figure 14 F14, the
581correlation function can be nicely "tted to a single exponential
582without showing any signi"cant polydispersity of the mesoscale
583part cles. Moreover, the particle size is smaller (about 10 nm).
Figure 12. Wavenumber dependence of the inverse light-scattering
intensity for the 0. 73mole fractionTBA aqueous olution.O,T=8.5 !C;!,
T = 21 !C; 4, T = 50 !C. The straight lines are given for guidance.
Figure 13. Light-scattering intensity in the aqueous solution with
di!erent ole fractions of TBA at a sc ttering angle ! = 45! and at
T = 8.5 !C.
Figure 14. Time-dependent correlation function (open circles) for the
0.073 mole fraction TBA aqueous olution at a scattering angle ! = 60!
and at T = 8.5 !C, obtained after fast co ling of the sample. The solid
curve represents a "t to a single xponential decay. This "t ap roximates
the mesoscale mode as being associated with Brownian di!usion (D =
3.0 3 10
-9 cm2 3 s
-1) of monodisperse particles. In this case themesoscale
particles are s aller and exhibit less polydispersity as compared to that
observed in Figure 10.
Figure 15. Confocal microscopy images of the 0.083mole fraction TBA
aqueous solution at about 10 !C. T particles ar polydi perse and
range in size from a few hundred nanometers to a micrometer.
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Figure 5. Intensity auto-cor elation 
functions for for the 0.073 mole 
fraction TBA aqueous s luti n. 
! C l d f i l t r a t i o n r e m o v e s t h  
mesoscopic particles, although 
molecular dif usion is stil  seen. 
! Addition of PO regenerates the 
mesoscopic particles. Figure 1: Light scat ering set-up used 
to study aqueous TBA solutions. 
 
Figure 2: Intensity auto-
cor elation functions for for 
the 0.083 mole fraction TBA 
aqueous solution
! Two relaxation modes are 
seen at r om temperature. 
! Molecular mode 
! Mesoscale mode 
! The esoscale mode 
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553 mode is nearly spherical, as the anisotropic contribution in the
554 light-scattering intensity is negligible.
555 We have p rfo med similar experim n s with sa pl s pre-
556 p red from the econd source of TBA (Alfa Aesar). Samples with
557 c centration from .01 to 0. 1 mole fraction TBA were tested.
558 A maxi um in the light-scattering intensity has b en observed
559 for the .073 mole fraction TBA solution (8.5 !C) and a
560 scattering angle ! = 45! (Figure 13F13 ). At all of t concentrations
561 the molecu ar di!usion mode was detected. The angular dis-
562 tributi n of the scatteri g intensity exhibits a strong asy metry
563 associated wit the pr sence of mesoscale particles.
564 W w re able to clearly d tect the me oscal rel xation mode
565 for all co centrations investigated. The me oscale mode became
566 ighly pronounced at lower t mperatures. The average size of the
567 obs rved mesoscale particles, for various concen rations at 8.5 !C,
568 varies from about 150 nm to about 400 nm d pending on the
569 wavenumber probe . A larg r !ective size is observed at all r
570 angles; t i e!ect can e at ribut d o the polydispers ty of these
571particles. rticles are equal y for
in soluti s t rces of BA, alt
the avera i iti s is not exactly t
sa e.
So e r li i i r als ca ried out by f st
cooling ( 3 i fr t . ! of the sa ple it
.073 l fracti . sa l as then left to “e ili-
brate” f r t urs. e es scale articles for ed i t is
sa ple appear so e hat di!erent fro those for ed i t
slowly cooled (5 ! 3 h
-1) sa ple. As seen in Figure 14, t
581correlation function can be nicely "tted t a single expone ti l
582without showing any signi"cant polydispersity of the es scal
583part cles. Mor over, he particle iz is smaller (a ut 100 ).
Figure 12. Wavenumber dependence of the inverse light-scattering
intensity for the 0. 73mole fractionTBA aqu ous solution.O,T=8.5 !C;!,
T = 21 !C; 4, T = 50 !C. The straight lines are given for guidance.
Figure 13. Light-scattering intensity in the aqueous solution with
di!erent mole fractions of TBA at a scattering angle ! = 45! and at
T = 8.5 !C.
Figure 14. Time-dependent c rrelation function (ope circl s) for the
0.073 mole fraction TBA aqueous soluti n at a scattering angle ! = 60!
and at T = 8.5 !C, obtained after fast cooling of the ample. The solid
curv represents a "t to a single exponential decay. This "t appr ximates
the mesoscale mode as being associated with Browni n di!usion (D =
3.0 3 10
-9 cm2 3 s
-1) of monodispe se par icles. I this case themes scale
particles are smaller and exhibit less polydispersity as compared to that
observed in Figure 10.
Figure 15. f l i r i f t e 0.083 ole fraction TBA
aqueous s l ti . rticles are p lydisperse and
range in size fr t rs to a icro eter.
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553 is rl s ri l, s t is tr i tri ti i t
554 li t-s tt ri i t sit is li i l .
555 a rf r si ilar x ri ts it sa l s r -
556 ar f t s s rc f ( lfa sar). a l s it
557 c ce trati fr . t . le fracti ere teste .
558 axi i t e li t-scatteri i te sity as ee serve
559 f r t e . l fracti s l ti ( . ! ) a a
560 scatteri g a gle ! ( ig reF13 ). t all f t e c ce trati s
561 t e l c lar i si e as etecte . e a g lar is-
562 tri ti f t e scatteri g i te sity ex i its a str g asy etry
563 ass ciate it t e rese ce f es scale articles.
564 e ere able to c early detect the esoscale relaxatio ode
565 for all concentrations investigated. he esoscale ode beca e
566 highly pronounced at lo er te peratures. he average size f the
567 observed esoscale particles, for various concentrations at 8.5 ! ,
568 varies fro about 150 n to about 400 n depending on the
569 avenu ber probed. larger e!ective size is observed at s aller
570 angles; this e!ect can be attributed to the polydispersity of these
571articles. eref re, t e es scale art cles are e ally f r e
572i s l ti s re are fr ere t s rces f , alt g
573t e average size er t e sa e c iti s is t exactly t e
574sa e.
575e reli i ary ex ri ts ere ls carrie t y fast
576c li g (7 ! 3 i
1) fr (50 t 8.5) ! f t e sa le it
5770.073 ole fractio . he sa ple as the left to “equili-
578brate” for t o hou s. he esoscale particles for e in thi
579sa ple appear so e hat di!erent fro hose f r ed in the
580slo ly cooled (5 ! 3 h
1) sa ple. s seen in igure 14 F14, the
581correlation function can be nicely "tted to a single exponential
582ithout sho ing any signi"cant polydispersity of the esoscale
583particles. oreover, the particle size is s aller (about 100 n ).
i r . i t-s tt ri i t sit i t s s l ti it
i r t l fr ti s f t s tt ri l t
. ! .
3 3
i re . f cal icr sc y i ag s f t e . le fracti
a e s s l ti at a t ! . e articles are ly is erse a
ra ge i size fr a fe re a eters t a icr eter.









523 s r t r t f t s s l t
524 ari s scatt ri a l s. s s fr i rF10 , t s scal
525 i t s l ti s s, i i t x ri t rr rs,
526 si le i si a ics escri e e . e ave calc late
527 a avera e y r y a ic ra i s ass ciate it t e es s-
528 cale e y si g e . e average size f t e serv
529 articles f r t e . e fracti a e s s l ti varies
530 fr a t at ! t a t at a t !
531 ( ig re 10). If t es articl s ere is ers , e l
532 ex ect t at t e article size, at a articular te erature, s ul
533 re ai co sta t he probed ith di ere t a gles. o ever, it
534 is seen in igure 11F11 that there is a certain discrepancy in the
535 particle size easured at di!erent angles at a given te perature.
536 hus e conclude that these particles are generally polydisperse.
537 he polydispersity increases upon cooling. his conclusion is
538 supported by the fact that at 8 ! the e!ective particle sizes
539tai f r s all a l ( ! a !) ar lar st,
540eca se lar er articles scatter re li t at s aller a les.
541e ave als eas r t e verall li t-scatteri i te sity at
542vari s scatteri g a gles ra gi g fr ! t !. e a g lar
543istri ti ex i s a str g sy etry, ic ec es eve
544re r ce at l te erat res ( ig r F12), ere t e
54i verse i te sity a r xi ately f ll s a q2 e e ce it t e
546sl e give by (1/3) g
2/I(q 0) ere g is t e average ra ius
547of gyratio a d I(q 0) is the i te sity extrapolated to zero
548avenu ber;48 the e!ect is consistent ith the results obtained
549fro the correlation function analysis ( igure 10). he scat-
550tered intensity depolarization ratio at the angle of 90! has also
551been easured. his ratio is very close to zero. e thus conclude
552that the shape of the particles associated ith the esoscale
i r . i - t rr l ti f ti ir l s f r t
. l fr ti s s l ti t . s tt ri
l . s li r r r s ts t t t si l ti l
. is t r i t t s s l s i ss i t
it r ia i si ( . 3
10 c 2 3 s
1) f is rs
articl s, ic act all is la s l is rsit .
t r
i r . ti r i r i s f t s s l rti l s
s f ti f t r t r f r t . l fr ti s
s l ti . , ; , ; , ; , ; , .
as li s s t tr f t t rat r c f t
articl siz t i fr sc tt ri at ! a t tt as
li e t e tre f t e art cle size t i e fr scatteri at !. e
t e er sl e is att i te rticle l is rsit .
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523 s r t r t f t s s l t
524 ari s scatt ri a l s. s s e fr i rF10 , t s scal
525 i t s l ti s s, it t x i tal rs,
526 si le i si a ics escri e e . e ave calc late
527 a avera e y r y a ic ra i s as ciate it t e es s-
528 cale e y si g e . e average size f t e serve
529 articles f r t e . le fracti a e s s l ti varies
530 fr a t 0 at ! t a t 0 at a t !
531 ( ig re 10). If t es articl s ere is erse, e l
532 ex ect t at t e article size, at a articular te erature, s ul
53 re ai co sta t he probed ith di ere t a gles. o ever, it
534 is se n in igure 1F1 that there is a certain discrepancy in the
535 particle size easured at di!erent angles at a given te perature.
536 hus e conclude that hese particles are generally polydisperse.
537 he polydispersity increases upon co ling. his conclusion is
538 sup orted by the fact that at 8 ! the e!ective particle sizes
539ta f r s all a l s ( ! a !) ar lar st,
540eca se lar er articles scatter re li t at s aller a les.
541e ave als eas re t e verall i t-scatteri i te sity at
542vari s scatteri g a gles ra gi g fr ! t !. e a g lar
543istri ti ex i its a str g asy etry, ic c es eve
54re r c at l te erat res ( ig r F 2), ere t e
545i verse i te sity a pr xi ately f ll q2 e e e ce it t e
546sl e give by (1/3) g
2/I(q 0) ere g is t e average ra ius
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Figure 3.1. Experimental set-up (and schematic) used for static and dynamic 
light scattering experiments. 
 
At each temperature, the sample was allowed to equilibrate for about 2 hr before 




mode was obtained by using a Photocor correlator. An option in the Photocor 
software control was used to eliminate the effect of occasional spikes seen in the 
intensity caused by large (> 10 µm) aggregates. In this software the total 
accumulation time is broken down into small segments [of the order of (30 to 60) s]. 
After all segments of the correlation function are collected, the program disregards 
any segments during which the scattering intensity spiked beyond a preset limit and 
then computes the correlation function based on the remaining segments. 
For dynamic light-scattering experiments, the time-dependent auto-correlation 
function in the homodyne mode, ( )2g t  for a single-exponential mode (Eq. 3.1), or a 
two-exponential relaxation mode (Eq. 3.2), is given by [93]:  
















        ,                              (3.1) 
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where Ai are the amplitudes, t is the lag time, and τi are the relaxation times of the 
fluctuations. If the relaxation time is associated with diffusion of molecules or 
particles, then the decay rate, 1/τΓ = , is:   
2DqΓ =         ,                                                         (3.3) 
where (4 / )sin( / 2)q nπ λ θ=  is the wave number (n is the refractive index of the 
scattering medium, λ  is the wavelength of the laser beam, and θ  is the scattering 




spherical non-interacting particles, the diffusion coefficient can be related to the 






     ,                                            (3.4) 
where kB is Boltzmann’s constant, T is the temperature, and η is the shear viscosity of 
the medium.  
 
Sample preparation for light-scattering experiments  
 
For the light-scattering experiments, aqueous TBA solutions are prepared 
from two sources of TBA: one from Sigma Aldrich with purity > 0.997 mass fraction 
and another one from Alfa Aesar with purity > 0.998 mass fraction. One sample with 
0.083 mole fraction TBA is prepared by using the TBA from Sigma Aldrich. Other 
aqueous samples with 0.010, 0.040, 0.073, 0.087, and 0.110 mole fraction TBA are 
prepared by using TBA from Alfa Aesar. The optical cells are first washed and rinsed 
with dust-free water and ethanol/isopropanol, and then dried with dust-free nitrogen 
gas. The dust-free nitrogen gas is of high-purity (HP) grade, purchased from Airgas. 
Water (from a Millipore setup) and TBA are initially filtered 2-3 times with a 200 nm 
nylon filter.  Each sample is first checked visually for the presence of any dust 
particles in the propagating laser beam. Additional filtrations are carried out until it 
no sudden spikes are detected the scattered intensity. All the samples, with the 
exceptions of those with 0.040, 0.073, and 0.087 mole fraction TBA, are covered with 




nitrogen gas) and sealed with polyethylene glue. The remaining samples with 0.040, 
0.073, and 0.087 mole fraction TBA are flame sealed.  
 
Confocal microscopy  
 
Confocal microscopy experiments are carried out in a Leica CTR 6500 
instrument at the Department of Physics, Georgetown University. The confocal 
microscopy unit and the sample holder cell are maintained at cold temperatures by the 
use of ice. While the system is at low temperatures (about 10 °C), a drop of 0.083 





 Gas chromatography experiments are carried out in Agilent instrument at the 
Department of Chemistry and Biochemistry, University of Maryland, College Park. 
The sample under study is dissolved in methanol, which is used as a solvent. The 
mixture is then subjected to a temperature ramp from 70 to 200 °C. The different 
components evaporate at different times, and the time at which a component reaches a 
detector, known as retention time, is proportional to the boiling point of that 
component. The area under the recorded chromatograph is proportional to the 
concentration of that component. Aqueous TBA solutions with 0.083 mole fraction 




procured from Alfa Aesar) are tested in the gas chromatograph to determine the 
composition of impurities in TBA.  
 
3.3  Experimental results  
 
On analyzing the correlation function from a 0.083 mole fraction TBA 
aqueous solution, (TBA procured from Sigma Aldrich) at room temperature (22.8 
°C), two dynamic modes are detected – the molecular diffusion mode and a 
mesoscale relaxation mode, as seen from Figure 3.2. The molecular diffusion mode is 
of the order of 10 µs at θ = 30°, corresponding to a correlation length (or 
hydrodynamic radius from Eq. 3.4) of ~ 0.5 nm, matching with previously published 
results [89]. The mesoscale relaxation mode is of the order of a millisecond at θ = 
30°, corresponding to a correlation length of about 300 nm. The refractive index and 
viscosity of aqueous TBA solutions needed for determining the above parameters 
were taken from the literature [87-89]. In addition, the correlation function also shows 
a contribution from much slower inhomogeneities with a decay time of the order of 
seconds, similarly to what was observed in 3MP solutions. It has been confirmed that 
these inhomogeneities are associated with sharp spikes in the light-scattering intensity 
previously reported by Kostko et al. [54]. By using the Photocor “dust cut-off” 
software the contribution from the intensity spikes are reduced or completely 









Figure 3.2. Time-dependent intensity auto-correlation function (open circles) for the 
0.083 mole fraction TBA aqueous solution at a scattering angle θ = 300 obtained at T 
= 22.8 °C. The solid curve represents a fit of the data to two exponential decays with 
two decay times corresponding to molecular diffusion and mesoscale diffusion, 
respectively. An additional long-time tail of the dynamic correlation function is 
assumed to be a background contribution [55]. 
 
Upon cooling below room temperature, a significant increase in intensity was 
observed. The intensity increased by an order of magnitude, as seen in Figure 3.3. 
The sample was heated from 8 °C up to 50 °C, and then cooled back to 8 °C. This 




intensity, an increase of the amplitude of the mesoscale mode, and on heating a 
virtual disappearance of this effect was observed.  
Fi 8gure 
 
Figure 3.3.  Time evolution of the light-scattering intensity upon cooling from 50 °C 
to 8 °C for the 0.087 mole fraction TBA aqueous solution at a scattering angle θ = 450 
[55]. 
 
 This cycle was also repeated after filtering the sample with a 200 nm filter at 
room temperature. This filtration did not have any significant effect on the observed 
anomaly.  The sample was also analyzed after leaving it undisturbed for five days at 
15°C. During this period the light-scattering intensity remained relatively stable.  
The correlation function, obtained for the sample with 0.083 mole fraction 
TBA at ! = 60o  and 8.5 °C, is shown in Figure 3.4. The fit of the correlation function 




Contributions from the molecular scattering and from large (>10 µm) 




Figure 3.4. Time-dependent intensity auto-correlation function (open circles) for the 
0.083 mole fraction TBA aqueous solution at T = 8.5 °C and a scattering angle            
θ = 60 °. The solid curve represents the fit to a single exponential decay. This fit 
approximates the mesoscale mode as being associated with Brownian diffusion (D = 
4.2 × 10-9 cm2/s) of monodisperse particles, which actually display some 
polydispersity [55]. 
 
The decay rate of the mesoscale mode at 8.5 °C has also been measured at 
various scattering angles. As seen from Figure 3.5, the mesoscale mode in the TBA 
solutions obeys, within the experimental errors, simple diffusion dynamics described 







Figure 3.5. Wave-number dependence of the decay rate Γ2 of the mesoscale mode in 
the 0.083 mole fraction TBA aqueous solution at T = 20.8 °C. The slope of the linear 
dependence yields the average effective diffusion                                              
coefficient (D  1 × 10-9 cm2/s) [55]. 
 
 An average hydrodynamic radius associated with the mesoscale diffusion for 
the 0.073 mole fraction TBA aqueous solution is calculated by using Eq. 3.4. The 
average size of the observed particles as a function of temperature and at various 
scattering angles is shown in Figure 3.6. From this figure, it is seen that the average 
size varies from about 300 nm at 21 °C to about 800 nm at about 8 °C. If these 
particles were monodisperse, one would expect that the particle size, at a particular 
temperature, should remain constant when probed from different angles. However, it 
is seen from Figure 3.6 that there is a certain discrepancy in the particle size measured 




generally polydisperse. The polydispersity increases upon cooling. This conclusion is 
supported by the fact that at 8 °C the effective particle sizes obtained for small angles 





Figure 3.6. Effective hydrodynamic radius Rm of the mesoscale particles as a function 
of temperature for the 0.083 mole fraction TBA aqueous solution. Open circles: θ = 
200; crosses: θ =  300; open squares: θ =  450; open diamonds: θ = 600; open triangles: 
θ = 900. The dashed line shows the trend of the temperature dependence of the 
particles size obtained from scattering at θ = 200 and the dotted-dashed line the trend 
of the particles size obtained from scattering at θ = 900. The steeper slope is attributed 





The overall static light-scattering intensity at various scattering angles ranging 
from 20° to 135° has also been measured. For Brownian, monodisperse particles, the 
inverse intensity, I !1  follows a  linear q2 dependence [93] according to the equation: 









'  ,  (3.5) 
where Rg is the radius of gyration of the particle and K is a constant.  
As shown in Figure 3.7, the wave-number distribution of the inverse intensity 
follows a linear q2 dependence, however, the deviation from linearity becomes 
pronounced at low temperatures.  These results are consistent with the results 
obtained from the analysis of the dynamic-correlation-function (Figure 3.6).  
 
 
Figure 3.7. Wave-number dependence of the inverse light-scattering intensity for the 
0.073 mole fraction TBA aqueous solution. Open circles: T = 8.5 °C; crosses: T = 




The scattered-intensity depolarization ratio at 90° angle is measured. This 
ratio is very close to zero. We thus conclude that the shape of the particles associated 
with the mesoscale mode is nearly spherical, as the anisotropic contribution in the 
light-scattering intensity is negligible [94].  
In addition, confocal microscopy experiments are also performed on this 
sample. The mesoscale Brownian particles are clearly seen under the confocal 
microscope, Figure 3.8. These particles are stable only at low temperatures: as the 
temperature is raised they disappear. The confocal nature of these images tells us that 
these particles are not of uniform size, but they range in size from a hundred 
nanometers to about a micron. These observations are consistent with what is 
observed from light-scattering experiments. 
 
 
Figure 3.8. Confocal microscopy image of the 0.083 mole fraction TBA aqueous 
solution at about 10 °C. The particles are polydisperse and range in size from a few 




Similar experiments are performed on TBA aqueous solutions, with TBA 
being procured from Alfa Aesar. Samples with concentration from 0.01 to 0.11 mole 
fraction TBA are tested. A maximum in the light-scattering intensity is observed for 
the 0.073 mole fraction TBA solution at 8.5 °C, as shown in Figure 3.8. This 
concentration corresponds to where a maximum in the heat-capacity anomaly is 
observed, as was shown in Figure 2.7. At all concentrations studied the molecular 
diffusion mode is detected, along with the mesoscale mode that becomes pronounced 
at low temperatures. The average size of the observed mesoscale particles, for various 
concentrations at 8.5 °C, varies between 150 nm to 400 nm. Therefore, the mesoscale 
particles are equally formed in solutions prepared from different sources of TBA, 
although the average size and absolute intensity under the same conditions is not 
exactly the same. 
 
 
Figure 3.9. Light-scattering intensity in the aqueous TBA solutions as a function of TBA 




The effect of ultrasonication in a 0.073 mole fraction aqueous TBA solution at 
8.5 °C is studied. The sample is ultrasonically agitated for about 10 minutes at a 
frequency of 60 Hz. On comparing the sample before and after ultrasonication, it is 
seen that the observed light-scattering intensity and the dynamic correlation function 
remains unchanged.  
Furthermore, the 0.073 mole fraction aqueous TBA solution is centrifuged in 
a traditional centrifuge (Fisher-Scientific Centrific Centrifuge Model 225), with an 
angular velocity of 320 radians/second, for about 30 minutes. The centrifuge is 
maintained at temperatures below 10 °C by using dry ice.  Separating the 
“precipitant” and “supernatant” parts of the sample, and then observing them 
separately under the laser, led to no significant change in intensity or the dynamic 
correlation function, compared to samples before centrifugation. This result indicates 
that the density of the particles is very close to the density of the solution. 
 
3.4  Origin of mesoscale inhomogeneities  
 
In the quest for understanding the behavior of aqueous solutions of small 
molecules, the origin of the slow mode is a primary question. To answer this, aqueous 
solutions of TBA are analyzed in further detail. Experiments are carried out by 
continuously filtering 0.073 mole fraction TBA solution through a 20 nm Anopore 
filter with the help of a recirculating pump. The filtration is carried out in a clean 
glove-box, which is maintained at a temperature below 10 °C by using dry ice. After 
filtration, it is observed that the intensity dramatically reduced to levels typical for 




seen from Figure 3.10, the mesoscale diffusion mode is hardly detectable. The 
refractive index of the solution after the cold filtration step remains unchanged, so the 
filtration does not significantly change the TBA concentration.  
 
Figure 3.10. Time-dependent intensity auto-correlation function (circles) for a 
0.073 mole fraction TBA aqueous solution after repeated cold filtrations by using a 
20 nm Anopore filter at a scattering angle θ = 45 ° and at T = 8.5 °C. The solid curve 
represents the fit to two-exponential decays according to Eq. 3.3 [98]. 
 
Next, to regenerate the slow mode, controlled amount of impurities are added 
to the cold-filtered aqueous TBA solution. Two microliters of an amphiphilic 
nonionic impurity, namely propylene oxide (PO), is added to 10 mL of a cold filtered 





PO is selected because it is obtained as a co-product in the synthesis of TBA 
[96] and is also known as a clathrate former [97]. Thus PO is a candidate impurity 
that may be present in commercial TBA samples and it may induce the formation of 
clathrate-like structures in TBA aqueous solution, as suggested by other research 
groups [76,98].  
After adding PO, and allowing the sample to “equilibrate” for about 24 hours, 
it is observed that at 8.5 °C the intensity rose almost four times compared to before 
the addition of PO. The dynamic correlation function shows the presence of 
“particles” with a relaxation time of about a few milliseconds as seen at a scattering 
angle of 60° (Figure 3.11). This corresponds to a hydrodynamic radius of about 200 
nm in size. 
 
Figure 3.11. Time-dependent intensity auto-correlation function (open circles) for 0.073 
mole fraction TBA aqueous solution, after cold filtering and doping with 10-5 mole 
fraction of PO, at a scattering angle of 60 ° and T = 8.5 °C. The black curve represents 




Experiments are also repeated by adding controlled amounts of other 
impurities, such as 4 µL of isopropanol, 4 µL of isobutanol, and 2 µL of cyclohexane, 
to 10 mL of cold filtered 0.073 mole fraction TBA solution in the same manner as 
when PO is added. Although isopropanol and isobutanol dissolved in the aqueous 
TBA solution, cyclohexane did not, and was observed to have phase separated. Trace 
amounts of PO (4 µL) are also added to a 10 mL cold filtered aqueous isopropanol 
system and 10 mL of pure injection-grade water. All these systems are studied by 
light scattering at about 8.5 °C and angle 45°. However, none of these systems show 
any dramatic results in the dynamic auto-correlation function as is seen on the 
addition of PO to a cold-filtered aqueous TBA solution.  
Gas chromatography of commercial TBA samples is carried out. Impurities, 
of the order of 0.001 mass fraction is detected in the TBA procured from Sigma 
Aldrich. No impurities, within the tolerance of the instrument, are detected from the 
TBA procured from Alfa Aesar. These observations are consistent with the declared 
purities of the samples.  
To further verify that the origin of the mesoscopic inhomogeneities in aqueous 
TBA solutions are due to the presence of trace amounts of a third component, gas 
chromatography between unfiltered and cold-filtered aqueous TBA solutions is 
carried out. TBA, with purity > 0.99 mass fraction was procured from Alfa Aesar and 
0.073 mole fraction TBA aqueous solutions was prepared from this sample. Strong 
mesoscopic inhomogeneities are seen from this aqueous TBA solution. One of the 
samples is then cold filtered, with the help of a recirculating pump by using 20 nm 




these samples are shown in Figure 3.12 a) and b), respectively. From this figure it is 

























Figure 3.12 (see below). Gas chromatogram of a 0.073 mole fraction aqueous TBA 
solution before and after cold-filtration. It is seen from the following figures that cold 
filtration eliminates trace impurities present in TBA aqueous solution. 
 
a.) Un-filtered sample 
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Peak Table - Channel 1
 Peak#  Ret.Time  Area  Height  Name 
 1  1.126  3749051  1119877 
 2  1.325  1380267  735582 
 3  9.082  2076  263 
 4  9.150  1183  313 
 5  9.194  3026  351 
 6  11.748  14008  987 
 Total  5149611  1857373 
 
 
The area under the curve (values given below) is proportional to the composition of 
the components. 
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Peak Table - Channel 1
 Peak#  Ret.Time  Area  Height  Name 
 1  1.126  3749051  1119877 
 2  1.325  1380267  735582 
 3  9.082  2076  263 
 4  9.150  1183  313 
 5  9.194  3026  351 
 6  11.748  14008  987 







b.) After cold filtration 
 
C:\GCsolution\Data\5221 Fall 2011\Deepa002.gcd 
1 / 1 
Sample Information
Analysis Date & Time : 1/24/2012 12:21:58 PM
User Name : student
Vial# : 2
Sample Name : ColdFilt_25pcTBAsoln
Sample ID : S-0002
Sample Type : Unknown
Injection Volume : 1.00
Multi Injection# : 1
Dilution Factor : 1
ISTD Amount : 
Sample Amount : 1
Level# : 1
Data Name : C:\GCsolution\Data\5221 Fall 2011\Deepa002.gcd
Original Data Name : C:\GCsolution\Data\5221 Fall 2011\Deepa002.gcd
Baseline Data Name : 
Method Name : C:\GCsolution\Methods\deepa5-20-10-b.gcm
Report Name : C:\GCsolution\Template\distillation.gcr
Batch Name : C:\GCsolution\Data\5221 Fall 2011\deepa.gcb
Chromatogram ColdFilt_25pcTBAsoln C:\GCsolution\Data\5221 Fall 2011\Deepa002.gcd - Channel 1
min
Intensity

















Peak Table - Channel 1
 Peak#  Ret.Time  Area  Height  Name 
 1  1.126  3585470  1120272 
 2  1.328  1672445  816250 
 Total  5257915  1936522 
 
 
The area under the curve (values given below) is proportional to the composition of 
the components. 
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Peak Table - Channel 1
 Peak#  Ret.Time  Area  Height  Name 
 1  1.126  3585470  1120272 
 2  1.328  1672445  816250 







To characterize these mesoscale particles further, the 0.073 mole fraction 
TBA solution with 2 µL of PO is fast cooled (3 °C/min) from 50 °C to 8.5 °C, as 
compared to previous cooling rates of 5 °C/hr. The sample is then left to “equilibrate” 
for about 24 hours. As seen in Figure 3.13, the correlation function is accurately fit to 
a single exponential, without any significant polydispersity. Moreover, the particle 
size obtained is much smaller (about 120 nm). The correlation function is monitored 
for about 2 weeks and no significant change of this size upon time is observed. This 
reflects the high stability of these particles. 
 
Figure 3.13. Time-dependent intensity auto-correlation function for a 0.073 mole 
fraction TBA aqueous solution, after cold filtering and doping 10-5 mole fraction of 
PO, at a scattering angle of 60 °, T = 8.5 °C, and two different cooling rates. Open 
circles = 8.5 °C/hr. Crosses = 3 °C/min. The black curve represents fit of the data to a 





Next, we investigated whether the observed mesoscopic inhomogeneities 
could be gaseous nanobubbles stabilized by adsorption of small organic molecules on 
the gas-liquid interface. Light-scattering experiments are carried out by forcefully 
injecting the clathrate-forming methane gas (commercial purity grade) in 10 mL of 
cold filtered 0.073 mole fraction TBA solution, for about 10 minutes, while 
maintaining the sample below 5°C. After injecting methane, it was observed that the 
intensity did not increase much. However, the intensity seemed to be oscillating 
irregularly, with occasional large spikes, two or three times greater in magnitude than 
the average intensity, as seen in Figure 3.14.  
 
 
Figure 3.14. Light-scattering intensity for a 0.073 mole fraction TBA aqueous solution, 





The angular distribution of the intensity was highly asymmetric, showing large 
intensities at small angles (θ = 30° and 45°). The dynamic correlation function is 
shown in Figure 3.15. The molecular diffusion mode in aqueous TBA solutions is 
detected. In addition, it is observed that the system is polydisperse, with various sizes 
ranging from about 70 nm to about 2500 nm detected by using the distribution 
analysis of the Photocor Software.     
 
 
Figure 3.15. Time-dependent intensity auto-correlation function (open circles) for a 
0.073 mole fraction TBA aqueous solution, after cold filtering and saturating with 








From the above experiments, we answer an important question, namely, the 
origin of the mesoscale particles. We conclude that the mesoscopic inhomogeneities 
observed in aqueous TBA solutions are due to the presence of trace amounts of an 
impurity, such as PO. They are not an inherent part of binary TBA-water solution, 
because if it were so, then the particles should re-emerge after cold filtration of 
aqueous TBA solution, but this does not happen. It can be further confirmed that the 
observed inhomogeneities are genuine mesoscopic particles, not gaseous 
nanobubbles. It is possible to eliminate these particles by cold filtration and 
regenerate their formation by controlled addition of specific dopants. It is also 
possible to control the size and the polydispersity of these particles by controlling the 
rate of cooling.  
To answer the next question, about the role of these particles in the 
thermodynamic stability of the system and to understand as to what is the nature of 
these inhomogeneities, a comprehensive study of the ternary system TBA-water-PO 
is carried out. In addition to TBA-water-PO system, analyses of isopropanol-water-
PO, TBA-water-isobutanol, and TBA-water-cyclohexane systems have been carried 
out. The thermodynamic phase behavior and mesoscale characterization of these 




Chapter 4: Macro and mesophases of aqueous solutions of 
hydrotropes 
 
As shown in the previous chapter, mesoscale inhomogeneities are observed in 
aqueous TBA solutions only in the presence of a third component. Based on this 
observation and on the discussion of the molecular properties of aqueous TBA 
solutions in Chapter 2, it can be inferred that TBA is a non-ionic hydrotrope, which 
shows short-ranged, short-lived micelle-like structural fluctuations in an aqueous 
medium, but forms mesoscopic aggregates upon the addition of a solubilizate.  
Our next goal is to understand the role of these mesoscopic aggregates in the 
thermodynamic stability of the system. To answer this question, various ternary 
systems such as TBA-water-PO, isopropanol-water-PO, TBA-water-cyclohexane, and 
TBA-water-isobutanol systems have been studied. Phase behavior and results from 
light scattering are discussed below.  
4.1  TBA-water-propylene oxide system  
 
Before proceeding to the TBA-water-PO ternary system, we will first discuss 
each of the binary systems. The TBA-water binary system was discussed in Section 
2.1 and the thermodynamic phase diagram at ambient pressure was shown in Figure 
2.1. From this figure, it is seen that at ambient conditions TBA and water are 
completely miscible with each other. The other binary system PO-water has also been 
well studied in the literature [99]. The PO-water phase diagram at ambient pressure is 




water under ambient conditions. This miscibility gap depends weakly on temperature. 
Experiments on the third binary system, namely TBA-PO, carried out in this work, 
show that this system is completely miscible under ambient conditions.  
 
Thermodynamic Phase Behavior of  
Water – PO Binary System 
!
•  Partially miscible Water 
- Propylene oxide 
binary system  
•  The immiscibility gap 
is almost vertical w.r.t 
temperature 
 
Figure 4.1. Thermodynamic phase diagram of propylene oxide – water binary system at 
ambient pressure. (Taken from [94].) 
 
The thermodynamic phase diagram of the ternary system TBA-water-PO is 
then investigated and shown in Figure 4.2. TBA, with purity > 0.998 mass fraction, 
procured from Alfa Aesar; PO, with purity > 0.995 mass fraction, procured from 
Sigma Aldrich; and Millipore water are used for these experiments. The procedure to 
develop the phase diagram is adapted from ref. [100]. Various samples of PO-water, 
whose compositions lie within the miscibility gap, are prepared and incremental 




The accuracy of temperature of the thermostatic bath used to observe the phase 
separation in TBA-water-PO system was about ± 0.3 °C. 












 T = 25C










Fig 2: Initial Analysis of Ternary Macroscopically Homogeneous Region 
 
 












 7.5mol % TBA line, T = 8.5C





 Figure 4.2. Thermodynamic phase diagram of tertiary butyl alcohol – water – 
propylene oxide ternary system at T = 25 °C and T = 10 °C, and at ambient pressure.  
 
The phase diagram (also known as mutual solubility curves, equilibrium 
curves, or binodal) for the ternary system, TBA-water-PO, at 25 °C and 10 °C is 
shown in Figure 4.2. The region inside the binodal curves is the two-phase region, 
while the region outside it is the one-phase region. As seen from this figure, the 
mutual solubility curves are weakly dependent on temperature within the range of 




the binodal curve is almost flat, making it quite difficult to accurately locate the 
critical point of this system. 
To understand the role of the mesoscopic inhomogeneities in the 
thermodynamic stability of the system, the entire ternary system is studied by light 
scattering. Analyses of static light-scattering intensity are carried out across various 
samples and the part of the ternary system where strong mesoscopic inhomogeneities 
are observed is shown in Figure 4.3. The light-scattering intensity in this region is at 
least an order of magnitude higher than the intensity observed for the corresponding 
binary systems. In addition, the dynamic auto-correlation functions for samples 
within this region show the presence of a slow relaxation mode, corresponding to 
mesoscopic inhomogeneities or “particles” having a hydrodynamic radius of about 





Figure 4.3. Composition of micro-emulsion-like phase in TBA-water-PO ternary 
system at T = 25 °C, as characterized by static light scattering at a scattering            
angle 45 °. Light blue = micro-emulsion-like region. Dark blue = Macroscopic two-














Figure 4.3. Composition of micro-emulsion-like phase in TBA-water-PO ternary 
system at T = 25 °C, as characterized by static light scattering at a scattering            





To characterize the behavior of this region in more detail, static and dynamic 
light-scattering analyses of many samples are carried out. The compositions of four 
characteristic samples are shown in Figure 4.4. Each of the samples is prepared by 
first cold filtering the aqueous TBA solution, by repeated filtrations with 20 nm 
Anopore filter, so as to remove all existing mesoscopic inhomogeneities, and then 
adding (unfiltered) PO to it. Since PO is extremely volatile, samples are always 
prepared under cold conditions. The samples are let to “equilibrate” for at least 4 
hours and light-scattering readings are then taken within a few hours (less than 48) of 





Figure 4.4. Representation of characteristic samples studied in the TBA –water –PO 
system on the ternary phase diagram. Compositions in mass fractions are : Open 
circles = 0.12 PO, 0.20 TBA; Crosses = 0.26 PO, 0.25 TBA; Filled squares = 0.38 












Figure 4.4. Representation of characteristic samples studied in the TBA –water –PO 
system on the ternary phase diagram. Compositions in mass fractions are : Open 
circles = 0.12 PO, 0.20 TBA; Crosses = 0.26 PO, 0.25 TBA; Filled squares = 0.38 





Samples within this micro-emulsion-like phase are studied at two different 
temperatures, 25 °C and 10 °C, and at various scattering angles ranging from 30° to 
150°. The dynamic auto-correlation functions for four characteristic samples at T = 
10 °C and θ = 45° are shown in Figure 4.5. Each of these correlation functions is fit 
with a single exponential, as discussed earlier in Eq. 3.1. The relaxation times (at θ = 
45°), are about a few milliseconds. They correspond to “particles” with a 
hydrodynamic radius of about 200 nm. The refractive-index data needed to determine 
the wave number is measured with an Abbe refractometer. The kinematic viscosity of 
these samples is measured with an Ubbelholde viscometer purchased from Cannon 
instruments. The dynamic viscosity needed to determine the hydrodynamic radius is 
then calculated from the kinematic viscosity and the average molar density. The 
compositions, refractive indices, viscosities, relaxation times (at scattering angle 45°), 
and the corresponding hydrodynamic radii are displayed in Tables 4.1 and 4.2. From 
Table 4.2, it is clear that for various compositions of the ternary system, the “size” of 
the inhomogeneities is not strongly dependent on the composition of the constituents. 
However, as discussed in Section 3.4, the “size” may depend on the method of 








Figure 4.5. Time-dependent intensity auto-correlation functions of four characteristic 
TBA-water-PO samples at T = 10 °C and at a scattering angle θ = 45°. The 
compositions of the four samples correspond to the ones shown in Figure 4.4. Open 
circles = 0.12 PO, 0.20 TBA; Crosses = 0.26 PO, 0.25 TBA; Filled squares = 0.0.38 












Table 4.1. Compositions (in mass fraction and mole fractions), refractive indices, and 















A1 0.20 0.68 0.12  0.06 0.89 0.05 
A2 0.25 0.49 0.26  0.10 0.78 0.13 
A3 0.05 0.57 0.38  0.02 0.81 0.17 
A4 0.08 0.44 0.48  0.03 0.72 0.25 
# R.I. Kinematic viscosity 
at 25 °C 
(× 10-6 m2/s) 
Kinematic viscosity 
at 10 °C 
(× 10-6 m2/s) 
A1 1.3593 2.330 3.965 
A2 1.3649 2.286 3.696 
A3 1.3601 1.529 2.314 









Table 4.2. Relaxation times (at scattering angle 45°) and corresponding 
hydrodynamic radii for various samples in TBA-water-PO ternary system                      
at T = 10 °C. 




A1 31.9 192 
A2 38.3 256 
A3 15.5 162 
A4 21.0 257 
 
The wave-number dependence (q2 dependence) of the rate of relaxation of 
fluctuations is investigated next. Figure 4.6 shows the q2 dependence of the decay 
rate, at 10 °C, for sample # A4. Fit of Eq. 3.3 for these data shows that at small angles 
(low-q) the system exhibits diffusive behavior. However, at larger angles (larger-q), 







Figure 4.6 Wave-number dependence of relaxation rate of TBA – water-PO sample at 
T = 10 °C. The composition of the sample is 0.48 mass fraction PO, 0.08 mass 
fraction TBA. The dashed black line is fit to Eq. 3.3. 
 
Figure 4.7 shows the wave-number dependence of the inverse intensity 
(normalized to the light-scattering intensity at scattering angle 90°), at 10 °C, for 
sample A4. It is seen that the inverse intensity does not follow a linear q2 dependence, 
as it would be expected for a dilute solution of non-interacting Brownian submicron 
particles [93]. On comparing the light-scattering intensities of the various samples 
shown in Table 4.1, it is seen that as the amount of PO increases the intensity of the 







Figure 4.7. Wave-number dependence of inverse intensity of TBA – water-PO sample 
at T = 10 °C. The composition of the sample is 0.48 mass fraction PO, 0.08 mass 
fraction TBA. 
 
Intensity auto-correlation functions are determined at 25 °C and 10 °C, shown 
in Figure 4.8, to study the effect of temperature on the micro-emulsion-like phase. 
Analyses of q2 dependence of the decay rate and q2 dependence of the inverse 
intensity for samples at 25 °C show a trend similar to what is observed at 10 °C, 
although the values of the static light-scattering intensity are lower at 25 °C as 






Figure 4.8. Effect of temperature on the properties of micro-emulsion-like phase in a 
TBA-water-PO sample. The composition of the sample is 0.48 mass fraction PO, 0.08 
mass fraction TBA. Circles = 10 °C; Crosses = 25 °C. 
 
In order to determine the stability of these inhomogeneities, two characteristic 
samples are monitored over time. The compositions of these samples are shown in 
Table 4.3 and they are displayed in the phase diagram shown in Figure 4.9 (a). Both 
of these samples are prepared form the same source of PO, but the TBA is from 
different bottles. Although both the TBA bottles have a stated purity of > 0.998 mass 
fraction and are procured from Alfa Aesar company, the TBA used for the first 
sample (# A5) shows the presence of inhomogeneities, while the TBA used for the 
second sample (# A6) does not show the presence of any inhomogeneities. As 
discussed earlier, the observation of these inhomogeneities in aqueous TBA solutions 




in TBA, so it seems that the TBA used to prepare #A5 contains some unknown 
impurities, while the TBA used to prepare #A6 does not contain any detectable 
impurities. This agrees well with observations and results presented earlier in       





Figure 4.9. a) Representation of characteristic samples in TBA-water-PO system to 
determine its kinetic behavior. Compositions in mass fractions are: Open circle = 0.04 











Figure 4.9. a) Representation of characteristic samples in TBA-water-PO system to 
determine its kinetic behavior.  
 
For Figures 4.9 a), b), and c), the compositions in mass fractions are:  
Open circle (sample # A5 from Table 4.3) = 0.04 TBA, 0.53 PO at T = 10 °C;  







Figure 4.9. b) Kinetic behavior of light-scattering intensity in TBA-water-PO 
samples, at θ = 45 °.  
Open circles (sample # A5) at T = 10 °C; Crosses (sample # A6) = at T = 25 °C. 
 
Figure 4.9. c) Kinetic behavior of hydrodynamic radius in  
TBA-water-PO samples, at θ = 45 °.  




Table  4.3. Compositions of TBA-water-PO samples, whose kinetic stability has been 
analyzed. 
 
# TBA Water PO Comments 
A5 Mass fr.   
= 0.04 
Mole fr.  
= 0.02 
Mass fr.   
= 0.43 
Mole fr.  
= 0.71 
Mass fr.  
 = 0.53 
Mole fr.  
= 0.27 
Commercial TBA shows 
presence of mesoscopic 
inhomogeneities in 
aqueous solution 
A6 Mass fr.   
= 0.04 
Mole fr. 
 = 0.02 
Mass fr.   
= 0.48 
Mole fr.  
= 0.75 
Mass fr.   
= 0.48 
Mole fr.  
= 0.23 
Commercial TBA DOES 





To study the effect of adding a controlled impurity, namely PO, the aqueous 
TBA solutions are always cold-filtered multiple times by using a 20 nm Anopore 
filter, to remove all existing mesoscopic inhomogeneities. However, it is impossible 
to remove 100 % of the inhomogeneities by cold filtration. As a result, some 
inhomogeneities, originating from impurities present in TBA, may still be present in 
cold-filtered aqueous TBA solutions. These inhomogeneities come to the forefront 
when PO is added to this system. Long-time monitoring of these samples, shows that 
the mesoscopic inhomogeneities in the sample prepared from “dirty” TBA (# A5) 




sample prepared from “new clean” TBA (# A6) almost disappear within a month. The 
trends in the light-scattering data are such that the light-scattering intensity decreases 
over time, as seen in Figure 4.9 (b) and the “size” of the inhomogeneities increases 
over time, as seen from Figure 4.9 (c). It is also observed that the intensity auto-
correlation function develops a “tail”, which corresponds to “spikes” in the intensity, 
maybe due to larger (> 10 µm) aggregates as discussed by Kostko et al. [54]. 
The last experiment shows that there are two events occurring in TBA-water-
PO solutions. The first event is the presence of mesoscopic inhomogeneities in 
aqueous TBA solutions, which are triggered by trace amounts of a third component. 
The second event is due to some specific interactions between TBA, water, and PO, 
which lead to slow kinetics of solubilization. This may explain the reason why in 
“new clean” TBA solutions, the ternary system shows initial strong scattering from 
mesoscopic inhomogeneities, but then this scattering virtually disappears within a 
month. Additionally, concentration fluctuations, which diverge close to the critical 
point, may also play a role in the slow kinetics.  
Another feature with aqueous solutions containing PO is the possibility of 
polymerization of PO to polypropylene oxide (PPO) in aqueous media. To investigate 
this possibility, mass spectrometry experiments are carried out in samples containing 
various amounts of PO. Mass spectrometry experiments in pure PO and TBA-water-
PO systems (source of TBA was the “dirty” TBA as used for experiments described 
above) were carried out. Mass spectrometry results are shown in Figure 4.10. From 
this figure, it is seen that PO polymerizes to form oligomers of dimers, trimmers, or 




However, no large molecular weight polymer, up to 80,000 m/z (mass to charge ratio) 
of polymer, is observed. The oligomers of PO alone are too small to cause strong 
light scattering.  
 
Figure 4.10 (see below) Results from mass spectrometer 
a) Pure PO system 
Acq. Data Name: e20110921_04e 
Spec. Record Interval: 1.0[s] Internal Sample Id: TBA+W-PO(PO=25%) 
Ring Lens Volt: 15[V] Orifice1 Volt Sweep: 45V Ionization Mode: ESI+ 
Time of Maximum: 1.576[min] Acquired m/z Range: 50.0..2500.0 MS Calibration Name: e20110315_ESI+_a 
Reduction History: Average(MS[1] 1.433..1.864)-1.0*Average(MS[1] 0.183..1.222);Correct Base[5.0%] 
Operator Name: Mass Experiment Date/Time: 9/21/2011 3:28:31 PM 



















b) TBA-water-PO ternary system. 
Mass fractions: TBA = 0.25, PO = 0.01 
 
Acq. Data Name: e20110921_04d 
Spec. Record Interval: 1.0[s] Internal Sample Id: TBA+W-PO(TBA=7) 
Ring Lens Volt: 15[V] Orifice1 Volt Sweep: 45V Ionization Mode: ESI+ 
Time of Maximum: 1.699[min] Acquired m/z Range: 50.0..2500.0 MS Calibration Name: e20110315_ESI+_a 
Reduction History: Average(MS[1] 1.139..1.836)-1.0*Average(MS[1] 0.110..0.912);Correct Base[5.0%] 
Operator Name: Mass Experiment Date/Time: 9/21/2011 3:15:20 PM 























c) TBA-water-PO ternary system. Mass fractions: TBA = 0.25, PO = 0.12 
 
Acq. Data Name: e20110921_04f 
Spec. Record Interval: 1.0[s] Internal Sample Id: pure PO 
Ring Lens Volt: 15[V] Orifice1 Volt Sweep: 45V Ionization Mode: ESI+ 
Time of Maximum: 1.376[min] Acquired m/z Range: 50.0..2500.0 MS Calibration Name: e20110315_ESI+_a 
Reduction History: Average(MS[1] 1.214..1.737)-1.0*Average(MS[1] 0.194..1.053);Correct Base[5.0%] 
Operator Name: Mass Experiment Date/Time: 9/21/2011 3:45:55 PM 




















In order to further understand the nature of the mesoscopic inhomogeneities, 
another ternary system with PO, namely isopropanol-water-PO is investigated. A 
static light-scattering study of this ternary system revealed also the presence of a 
micro-emulsion-like phase; however, not as pronounced as in TBA-water-PO 
systems.  
In the next section, the behavior of other “impurities” in aqueous TBA 
solutions is discussed. 
 
4.2  TBA-water-cyclohexane ternary system 
 
Species in binary systems TBA-water (as shown in the phase diagram of 
Figure 2.1 [22]) and TBA-cyclohexane (as determined in this work) are completely 
miscible at ambient conditions.  However, cyclohexane and water are almost 
completely immiscible under ambient conditions [101].  
A part of the thermodynamic phase diagram of the ternary system TBA-water-
cyclohexane is determined at ~ 21°C and shown in Figure 4.11. TBA, with purity > 
0.998 mass fraction, procured from Alfa Aesar; cyclohexane, with purity > 0.990 
mass fraction, procured from E. M. Science (a division of Merck); and Millipore 
water are used for these experiments. Various samples of TBA-cyclohexane are 
prepared and incremental amounts of water are added to it until phase separation or 
droplet formation is seen. The accuracy of the temperature of the thermostatic bath 









Figure 4.11. Phase diagram of TBA-water-cyclohexane system at ambient conditions, 











Figure 4.3. Composition of micro-emulsion-like phase in TBA-water-PO ternary system 
at T = 25 °C, as characterized by static light scattering at a scattering angle 45 °. Light 


















Figure 4.11. Phase diagram of TBA-water-cyclohexane system at ambient conditions, 
T~ 21 °C. 
 
The TBA-water-cyclohexane phase behavior is similar to that of the TBA-
water-PO system, discussed in Section 4.1; however, the miscibility gap in this 
system is much larger. In addition, cyclohexane is completely immiscible with water, 
as opposed to PO, which shows significant partial miscibility with water. This makes 
cyclohexane, an almost perfect solubilizate, whose “solubility” in aqueous phase gets 
enhanced on the addition of non-ionic hydrotrope TBA.  
Light-scattering analyses of certain characteristic ternary samples in the one-
phase region of the ternary system are carried out. The compositions of some of the 






Table 4.4. Compositions of TBA-water-cyclohexane system as studied by light 
scattering 
# TBA Water CHX TBA Water CHX 
 Mass % Mole % 
B1 25.70 % 74.20 % 0.11 % 7.80 % 92.12 % 0.03 % 
B2 25.90 % 74.00 % 0.10 % 7.87 % 92.10 % 0.03 % 
 
As discussed previously, the addition of 2 µL of cyclohexane to 10 mL of 
cold-filtered aqueous TBA solution led to cyclohexane phase separating from the 
solution. Thus a certain change in the procedure of sample preparation is adopted for 
the light-scattering experiments in the TBA-water-cyclohexane ternary system. The 
samples prepared for the light-scattering study of this ternary system is from the “new 
clean” TBA, purity > 0.998 mass fraction, procured from Alfa Aesar. Cyclohexane 
and TBA, each filtered separately with 200 nm Nylon filters, are first thoroughly 
mixed and then Millipore water, also filtered with 200 nm Nylon filters, is added. The 
ternary system is then mixed thoroughly and the sample is let to “equilibrate”.  
The intensity auto-correlation function of sample # B1 from Table 4.4, 
measured after 24 hours of preparation, at T = 25 °C and θ = 45°, is shown in Figure 
4.12. Figure 4.12 shows the presence of two relaxation modes - a fast mode, with a 
relaxation time of ~ 50  µs (at θ = 45°) and a slow mode with a relaxation time of ~ 
20 ms (at θ = 45°). In addition it also shows a (non-exponential) “tail” of long-time 
relaxation processes, which could be due to presence of few large-size (> 10 µm) 




correlation function seen in Figure 3.2, for aqueous “dirty” TBA solutions, as 
discussed in Chapter 3. 
 
Figure 4.12. Intensity auto-correlation function from a characteristic sample of TBA-
water-cyclohexane ternary system, at T = 25 °C and θ = 45°. The black line is a fit to 
two-exponential decay, as shown in Eq. 3.2. 
 
In order to understand the time evolution of the mesoscopic inhomogeneities, 
samples # B1 and # B2 are compared within a few hours of preparation and after a 
few days of preparation. Both these samples are identical in composition (as seen in 
Table 4.4), prepared by using the same source of TBA and cyclohexane, and by using 
the procedure described above. The dynamic auto-correlation function for sample       
# S1, determined at T = 25 °C and θ = 45°, obtained from a “freshly” prepared sample 
is shown in Figure 4.12. As discussed above, this sample shows the presence of 




inhomogeneities are not seen in sample # S2 soon after preparation, but are seen only 
after a few days of preparation.  Thus we conclude that kinetics or presence of local 
energy barriers, not fully understood, plays an important role in the observation of 
mesoscopic inhomogeneities - sometimes the inhomogeneities appear instantly after 
sample preparation, as for sample # B1, while sometimes they appear only after few 
days of sample preparation, as for sample # B2. One additional sample, with 
composition same as for sample # B2 was prepared and analyzed. This sample 
showed the presence of mesoscopic inhomogeneities similar to sample # B1, thus 
reinforcing the presence of local energy barriers in the formation of these 
inhomogeneities.  
The q2 dependence of the rate of relaxation of fluctuations at 25 °C, for 
sample # B1, is shown in Figure 4.13. From this figure, it is seen that a simple fit of 
Eq. 3.3 for these data shows that at small angles (low q) the system exhibits diffusive 
behavior. However, at larger angles (larger q), the rate does not follow the q2 












Figure 4.13. Wave-number dependence of relaxation rate of TBA – water- 
cyclohexane sample at T = 25 °C. The composition of the sample is 0.0011 mass 
fraction cyclohexane, 0.257 mass fraction TBA. The dashed black line is 
 fit to Eq. 3.3. 
 
The average hydrodynamic radius corresponding to these inhomogeneities is 
calculated by using Eqs. 3.3 and 3.4. The angular dependence of this “size” is shown 
in Figure 4.14. From this figure, it is seen that the system is highly polydisperse with 
larger inhomogeneities seen at smaller angles.  
The wave-number dependence of the inverse light-scattering intensity 
(normalized to the light-scattering intensity at angle 90°), at 25 °C, for sample # B1, 
is shown in Figure 4.15. It is seen that the intensity exhibits a strong asymmetry and 





Figure 4.14. Angular dependence of the hydrodynamic radius of TBA – water- 
cyclohexane sample at T = 25 °C. The composition of the sample is 0.0011 mass 
fraction cyclohexane, 0.257 mass fraction TBA. 
 
Figure 4.15. Wave-number dependence of inverse intensity of TBA – water- 
cyclohexane sample at T = 25 °C. The composition of the sample is 0.0011 mass 




The refractive indices and viscosities used for the above investigation were 
taken from the literature for aqueous TBA solutions [87-89]. 
The micro-emulsion-like phase of the one-phase region is then studied to 
determine the effect of temperature. Sample # B2 is heated from 25 °C to 50 °C and 
then cooled from 50 °C to 10 °C and then warmed up again to 25 °C. On heating it is 
observed that the light-scattering intensity decreased; however, on cooling down to 
temperatures below room temperature, the light-scattering intensity increased 
significantly. The intensity auto-correlation functions for sample # B2, at 25°C 
(initial), 50°C, and 10°C, are shown in Figure 4.16. The corresponding average “size” 
of the inhomogeneities remains almost independent of temperature, while the 
“number” of inhomogeneities decreases with an increase of temperature, as evidenced 
by the light-scattering intensity. Thus the inhomogeneities seem to be favored at low 
temperature. This is again consistent with what was observed and discussed in 







Figure 4.16. Intensity autocorrelation functions for TBA – water- cyclohexane system 
at θ = 45°, at three different temperatures. The composition of the sample is 0.001 
mass fraction cyclohexane, 0.259 mass fraction TBA. Crosses: T = 10 °C; Open 
circles: T = 25 °C; Open squares: T = 50 °C. The continuous lines are fits to two-
exponential decays as given by Eqs. 3.2. 
 
Cold filtration of the ternary sample containing cyclohexane is also carried 
out. The intensity auto-correlation functions before and after cold-filtration are shown 
in Figure 4.17. It is seen that after cold filtration, the slow mode corresponding to 
mesoscale inhomogeneities is completely eliminated and does not re-appear when 







Figure 4.17. Intensity auto-correlation functions for TBA – water- cyclohexane 
system at θ = 45°, before (open circles) and after (crosses) cold filtration. The 
composition of the sample is 0.001 mass fraction cyclohexane, 0.259 mass fraction 
TBA. The continuous lines are fits to two-exponential and single exponential decays 
as given by Eqs. 3.1 and 3.2, respectively. 
 
To better understand the nature of the inhomogeneities in the micro-emulsion-
like phase of the ternary system, a comparison with the inhomogeneities in the two-
phase region is carried out. A characteristic sample in the two-phase region, whose 
composition (in mass fractions) is TBA=0.13, cyclohexane=0.29, is prepared and let 
to “equilibrate” for about 2 days. Each of the two layers is studied by light scattering 
and the correlation functions are shown in Figure 4.18. It is seen that the water-rich 
region shows a correlation function with a mesoscopic mode, while the correlation 




concluded that the inhomogeneities prefer the aqueous-rich phase to the organic-rich 
phase.  
 
Figure 4.18. Intensity auto-correlation functions from aqueous (open circles) and 
organic (crosses) layers of a TBA – water- cyclohexane sample in the two-phase 
region. T = 25 °C,  θ = 45°. The composition of the sample is 0.29 mass fraction 
cyclohexane, 0.13 mass fraction TBA. The continuous line is a fit to two-exponential 
decay as given by Eqs. 3.2. 
 
The stability of these mesoscopic inhomogeneities, in sample # B2, has been 
monitored over time. It is seen that as time progresses, the “size” of these 
inhomogeneities changes very slowly, as evidenced from Figure 4.19 a). The static 
light-scattering intensity also increases very slowly with time, as seen in                   






Figure 4.19 a). Time dependence of the average hydrodynamic radius of 
inhomogeneities in TBA – water- cyclohexane sample at T = 25 °C and determined at 
θ = 45°. The composition of the sample is 0.001 mass fraction cyclohexane, 0.259 
mass fraction TBA. 
 
Figure 4.19 b). Time dependence of static light-scattering intensity in TBA – water- 
cyclohexane sample, at T = 25 °C and determined at θ = 45°. The composition of the 





4.3  TBA-water-isobutyl alcohol ternary system 
  
In order to understand properties of the micro-emulsion-like phase formed in 
aqueous TBA solutions on the addition of a “solubilizate”, isobutyl alcohol (IBA) is 
added to TBA – water systems and the TBA-water-IBA ternary system is 
investigated.  
 The IBA-water phase behaviour is well studied in the literature. Under 
ambient conditions, IBA exhibits a miscibility gap with water [102]. This miscibility 
gap is smaller than in cyclohexane-water systems, but larger than in PO-water 
systems. In addition, the hydroxyl groups of IBA can form hydrogen bonds with 
water, which PO and cyclohexane could not. Moreover, IBA is an isomer of TBA 
and, hence, forms an almost ideal solution with it [60]. Thus IBA could play a 
possible dual role of acting as a hydrotrope similar to TBA or as a hydrophobic 
component that exhibits demixing behavior with water.  
The thermodynamic phase diagram of the ternary system TBA-water-IBA is 
determined and is shown in Figure 4.20. TBA, with purity > 0.998 mass fraction, 
procured from Alfa Aesar (corresponding to “dirty” TBA from above discussions); 
IBA with purity  > 0.999 mass fraction, procured from J. T. Baker; and Millipore 
water are used for these experiments. Various samples of TBA-water are prepared 
and incremental amounts of IBA are added to it until phase separation is seen. The 
accuracy of temperature of the thermostatic bath used to observe the phase separation 


















TBA IBA  
 Figure 4.20. Ternary phase diagram of TBA-water-IBA system at 25 °C.  
 
 The TBA-water-IBA phase diagram, as seen in Figure 4.20, is similar to the 
TBA-water-PO and TBA-water-cyclohexane systems, discussed in Sections 4.1 and 
4.2 respectively; however, the miscibility gap in this system in between those of the 
above two ternary systems.  
In order to investigate the possibility of a micro-emulsion-like phase in the 
TBA-water-IBA ternary system, three samples in the one-phase region are studied by 
static and dynamic light scattering. Samples prepared for the light-scattering studies 
of this ternary system are from the “clean” TBA discussed in Section 4.1. Ternary 
samples are prepared as per the procedure described in Section 4.1, but without cold 
filtering the aqueous TBA solution. The samples are let to “equilibrate” for at least 2 
hours and then light-scattering readings are taken. The compositions of the various 
samples studied are shown in Table 4.5 and represented in the ternary diagram shown 







Figure 4.21. Ternary phase diagram of TBA-water-IBA system at 25 °C showing 
compositions of the three samples investigated by light scattering. The compositions 
(in mass fractions) of the samples are, S1: 0.26 TBA, 0.09 IBA; S2: 0.29 TBA, 0.11 









Figure 4.21. Ternary phase diagram of TBA-water-IBA system at 25 °C showing 
compositions of the three samples investigated by light scattering.  
 
 
Table 4.5. Compositions, refractive indices and viscosities of TBA-water-IBA system  
# TBA Water IBA  TBA Water IBA 
 Mass Fractions  Mole Fractions 
C1 0.26 0.65 0.09  0.09 0.88 0.03 
C2 0.29 0.60 0.11  0.10 0.86 0.04 







# R.I. Kinematic viscosity 
at 25 °C 
(× 10-6 m2/s) 
Kinematic viscosity 
at 10 °C 
(× 10-6 m2/s) 
C1 1.3650 3.39 6.36 
C2 1.3691 3.99 7.60 
C3 1.3559 1.78 2.96 
 
The intensity auto-correlation functions for ternary sample # C1 at two 
different temperatures, 25 °C and 10 °C, and at scattering angle, θ = 45°, are shown in 
Figure 4.22. The correlation functions show the presence of a single exponential 
mode, with a relaxation time of the order of tens of microseconds. No mesoscopic 
mode, with a relaxation time of the order of milliseconds, is seen in this sample. 
 
Figure 4.22. Intensity auto-correlation functions for a ternary TBA-water-IBA sample 
(composition in mass fractions: TBA = 0.26; IBA = 0.09), at scattering angle θ = 45°, 
and two different temperatures. Open circles = 25 °C; Crosses = 10 °C. The black 




The wave-number dependence of the relaxation rate for sample # C1, at 25 °C 
and 10 °C, are shown in Figure 4.23. From this figure, it is seen that the relaxation 
rate follows a linear q2 dependence in accordance with Eq. 3.3, thus obeying diffusion 
dynamics. In addition, it is also seen that as the temperature increases, the diffusion 
coefficient increases.  
 
Figure 4.23. Wave-number dependence of the relaxation rate for a ternary TBA-
water-IBA sample (composition in mass fractions: TBA = 0.26; IBA = 0.09). Open 
circles: T = 25 °C; Crosses: T = 10 °C. The dashed line is a fit to Eq. 3.3 with the 
slope giving the diffusion coefficient. D25 °C = 2.8×10-11 m2/s ; D25 °C = 1.5×10-11 m2/s. 
 
The hydrodynamic radii for sample # C1, at 25 °C and 10 °C, are computed 
by using Eq. 3.4. The angular dependence of the hydrodynamic radii for these 
systems, at two different temperatures, is shown in Figure 4.24.  From this figure, it is 





Figure 4.24. Angular dependence of hydrodynamic radii for a ternary TBA-water-
IBA sample (composition in mass fractions: TBA = 0.26; IBA = 0.09). Open circles: 
T = 25 °C; Crosses: T = 10 °C. 
 
The wave-number dependence of the inverse intensity for sample # C1, at 25 
°C and 10 °C, is shown in Figure 4.25. It is seen that the intensity distribution is 
almost symmetric, with no angular dependence. This shows that there are no large 
(mesoscopic or submicron-sized) particles present in these samples. 
The auto-correlation function for sample # C1 is compared with the correlation 
functions obtained for samples # C2 and # C3 at 10 °C, in Figure 4.26. From this 
figure, it is seen that sample # C2 behaves similarly to sample # C1, showing only 
molecular diffusion and no mesoscale diffusion. However sample # C3 shows the 
presence of a strong mesoscopic mode, with a relaxation time of the order of 
milliseconds. The molecular diffusion mode, corresponding to a relaxation time of 




the mesoscopic mode. The hydrodynamic radius of the mesoscopic inhomogeneities, 
computed by using Eq. 3.4, indicates the presence of inhomogeneities with a radius of 
about 200 nm.  
 
Figure 4.25. Wave-number dependence of inverse intensity for a ternary TBA-water-
IBA sample (composition in mass fractions: TBA = 0.26; IBA = 0.09). Open circles: 
T = 25 °C; Crosses: T = 10 °C. 
 
Thus the above experimental results show that a micro-emulsion-like phase 
exists in TBA-water-IBA ternary system as well. The exact region of the micro-
emulsion-like phase within this ternary system is different as compared to other 






Figure 4.26. Intensity auto-correlation functions for various ternary samples of TBA-
water-IBA system at T = 10 °C and θ = 45°. Compositions (in mass fractions) are: 
Open circles: TBA = 0.10, IBA = 0.04; Crosses: TBA = 0.26, IBA = 0.09; Open 




4.4  Results from molecular dynamics simulations [83] 
 
 Molecular dynamics simulations were carried out by our collaborator, 
Professor Klauda, to further investigate the nature of the mesoscopic inhomogeneities 
and to determine if there are any specific interactions or formation of structures on the 






TBA-water-PO ternary system 
 
 Radial distribution functions obtained from molecular dynamics simulations 
in TBA-water-PO ternary systems (compositions shown in Table 2.1) are shown in 
Figures 2.17, 2.19, and 2.21. Snapshots from MD simulation are shown in Figure 
















































































































Figure 4.27. Snapshots from molecular dynamics simulations for a ternary TBA-
water-PO system at T = 10 °C. Composition (in mole fractions) are:  
TBA = 0.10, PO = 0.13. (Taken from [83].)   
Red: TBA molecules; Blue: PO molecules. 
 
TBA-water-cyclohexane ternary system 
 
Radial distribution functions obtained from molecular dynamics simulations 
in a TBA-water-cyclohexane ternary system (composition – 0.0685 mole fraction 




of molecules = 2000, simulation time = 100 ns) are shown in Figures 4.28 and 4.29. 







































Figure 4.28. Radial distribution function between C1 on cyclohexane molecule and O 
on water molecule, for a ternary TBA-water-cyclohexane system at T = 25 °C. 








































Figure 4.29. Radial distribution function between C1 on cyclohexane molecule and C 
on TBA molecule, for a ternary TBA-water-cyclohexane system at T = 25 °C. 





Figure 4.30 shows snapshots wherein a single monomer of cyclohexane is 
considered. TBA molecules surround this single cyclohexane molecule in addition to 
surrounding a single small layer of water molecules, thus forming a cluster of TBA-
water-cyclohexane molecules. As evidenced in this figure, the cluster has a size 
(diameter) of ~ 1.7 nm. 
 
Figure 4.30. (see below) Snapshots from molecular dynamics simulations (~ 110 ns) 
for a ternary TBA-water-cyclohexane (with cyclohexane unimers) system at T = 25 






















































































Figure 4.31 shows snapshots wherein a dimer of cyclohexane molecules is 
considered. Again, TBA molecules surround the cyclohexane dimer and a 
surrounding layer of water molecules. In this case the water shell is much larger 
consisting of ~ 2 – 3 layers of water molecules, with the resulting cluster having a 
size (diameter) of ~ 3 nm. 
 
Figure 4.31. (see below) Snapshots from molecular dynamics simulations (~ 90 ns) 
for a ternary TBA-water-cyclohexane (with dimerized cyclohexane) system at T = 25 
°C. Composition (in mole fractions) are: TBA = 0.069, Cyclohexane = 0.001.         































Coarse grained simulations of TBA-water-cyclohexane system are also carried 
out. The compositions of the ternary system are the same as above, but the total 
number of molecules is about 198,000. This system is simulated for 2700 ns at a 
temperature of 310 K. MARTINI-based coarse-grained force field is used; water 
molecules are modeled as a single bead while TBA molecules are modeled with 
propanol parameters, cyclohexane molecules are modeled with three beads. 
Snapshots from these simulations are shown in Figure 4.32.  
From Figure 4.32 it is seen that cyclohexane forms clusters with “TBA” and 
water, which grow from a few molecules to a final liquid droplet consisting of almost 
all cyclohexane molecules in the core. The size of the cyclohexane core is ~ 4 nm. 
This may indicate that the equilibrium state of the cyclohexane molecules is to 
aggregate, although may be slowly, to form larger structures which are in equilibrium 












Figure 4.32. (see below) Snapshots from coarse grained simulations of “TBA”-water-
cyclohexane system. TBA is modeled by using propanol parameters. The system 
consists of 198,000 molecules simulated for a period of 2700 ns. Composition (in 
mole fractions) are: TBA = 0.069, Cyclohexane = 0.001. (Taken from [83].) 
 




































































TBA-water-isobutanol ternary system 
 
 Radial distribution functions obtained from molecular dynamics 
simulations in TBA-water-isobutanol system are shown in Figures 4.33 and 4.34. The 























































Figure 4.33. Radial distribution function between O-O on IBA molecules for a ternary 
TBA-water-IBA system at T = 25 °C. Composition (in mole fractions) for IBA–S2 
are: TBA = 0.10, IBA = 0.04; for IBA-K1 are: TBA = 0.07, IBA = 0.03.  

























































Figure 4.34. Radial distribution function between O on IBA and O on for a ternary 
TBA-water-IBA system at T = 25 °C. Composition (in mole fractions) for IBA–S2 
are: TBA = 0.10, IBA = 0.04; for IBA-K1 are: TBA = 0.07, IBA = 0.03.  
(Taken from [83].) 
 
Table 4.6. Compositions and simulation details of TBA-water-IBA system 
 
ID T (K) Total # of 
molecules 
xTBA xwater xIBA Time (ns) 
IBA-S2 298 2000 0.102 0.859 0.039 200 
IBA-S2-8x 298 16000 0.102 0.859 0.039 200 




Snapshots from the simulations are shown in Figure 4.35. These indicate that 
TBA and IBA tend to associate into water-poor, organic-rich regions. The effective 
size (diameter) of these clusters is ~ 1.5 nm.  
 
Figure 4.35. Snapshots from molecular dynamics simulations for a ternary TBA-
water-IBA system at T = 25 °C. Composition (in mole fractions) are: TBA = 0.10, 
IBA = 0.04. (Taken from [83].) 
 


















































































































Chapter 5:  Nature of mesoscopic inhomogeneities in 
aqueous solutions of hydrotropes 
 
5.1  Micro heterogeneities in aqueous TBA solutions 
 
In this work, mesoscopic properties of aqueous solutions of TBA, a non-ionic 
hydrotrope, in the presence of various solubilizates, namely, propylene oxide, 
cyclohexane, and isobutanol, have been studied by static and dynamic light scattering. 
The phase diagrams of these systems have been also determined and results from 
molecular dynamic simulations have been discussed.  
On studying the thermodynamics of the binary TBA-water system and on 
characterizing it through light-scattering studies and molecular dynamics simulations, 
we conclude that in dilute regions (TBA mole fraction between 0.035 and 0.1) TBA-
water system exhibits short-lived, short-ranged structural fluctuations. These 
fluctuations are due to the formation of transient hydrogen bonds between TBA and 
water molecules. In this region, TBA molecules self-associate through van der Waals 
interactions between their methyl groups, while the hydroxyl groups of TBA 
molecules bond with surrounding water molecules to form hydrogen bonded shell 
structure, thus screening methyl groups of TBA molecules from water. 
We want to emphasize an important point here - although these short-lived, 
short-ranged structures look similar to clathrate-hydrate-precursors, they are not. 




micelle-like fluctuations and clathrate-hydrate-precursors are that clathrate-hydrate-
precursors, which would eventually form solid clathrate-hydrates, are mostly driven 
by geometric relations between the guest and the host molecules. In clathrate-hydrates 
the guest molecule does not interact with the host structure through the formation of 
hydrogen bonds. However, molecules forming a nonionic micelle interact with the 
solvent surrounding it mostly through hydrogen bonds. Thus, although the term 
“clathrate-like structure” is commonly used in the literature to describe TBA-water 
fluctuations, we instead envision these structures as micelle-like fluctuations. 
Molecular dynamics simulations show that these fluctuations are short-lived 
(less than 100 ps) and they do not relax to the equilibrium state by diffusion. If such 
fluctuations are not accompanied by fluctuations of the refractive index, they cannot 
be seen by light scattering. However, molecular diffusion can be seen from light 
scattering. This is evidenced by the presence of the molecular diffusion mode in 
aqueous TBA solutions, as shown in Figure 3.2 and discussed in section 3.1. 
Molecular diffusion in aqueous TBA solutions corresponds to a hydrodynamic radius 
or a correlation length of concentration fluctuations of the order ~ 0.5 nm.  
On comparing the thermodynamics of TBA-water solutions with the 
thermodynamic properties of other alcohols, namely C1-C4 alcohols, we see that 
alcohol-water solutions exhibit an anomaly in the water-rich region, which are most 
pronounced in TBA-water solutions. At low TBA concentrations, between TBA mole 
fraction 0.035 to 0.1, we see anomalies such as a maximum in the heat capacity at 
0.07 mole fraction TBA at ~ 0 °C, a minimum in the excess molar volume at 0.05 




0.045 mole fraction TBA at ~ 25 °C, a maximum in the sound velocity at 0.10 mole 
fraction TBA at ~ 25 °C, and a minimum in the isothermal compressibility at 0.035 
mole fraction TBA at ~ 10 °C. As seen in Figure 2.14, the activity coefficient of 
water at low TBA concentrations is negative, and then becomes positive beyond 0.04 
mole fraction TBA. The heat of mixing is negative at low TBA concentrations and 
then becomes positive above 0.06 mole fraction TBA. All these observations indicate 
that at low TBA concentrations, the solute-solvent interactions are energetically 
favored, leading to a negative heat of mixing, while at higher TBA concentrations the 
solute-solute interactions are preferred leading to a positive heat of mixing.  
We believe that this mixing behavior is similar to the formation of micelle-
like structures in aqueous TBA solutions, driven by hydrophobic hydration, as 
discussed by Bowron et al. [23]. As discussed in chapter 2, simulations of Bowron et 
al., show that at low TBA concentrations (0.06 mole fraction TBA) solute-solute 
interactions are obtained through methyl group contacts, which are screened from 
water by TBA hydroxyls. At larger TBA concentrations (> 0.1 mole fraction TBA) 
the interactions between the TBA molecules resemble those in pure TBA with water 
molecules being screened from TBA methyl groups through TBA hydroxyls. These 
interactions lead to micro heterogeneities in solution. However these interactions are 
transient, short-lived with a lifetime of tens of picoseconds, thus not culminating into 
any stable micellar phase.  
An older interpretation of the observed anomalous behavior in aqueous TBA 
solutions was based on the “iceberg” model of Frank and Evans [63]. According to 




water by forming a shell of structured water around the solute. This model is 
essentially similar to the clathrate-hydrate hypothesis, which as discussed above, and 
does not adequately describe the molecular behaviour of aqueous TBA solutions. 
Although these structural fluctuations cannot be seen from dynamic light 
scattering, the question arises, “what exactly is seen from dynamic and static light 
scattering?” We have clarified in Section 3.1 that mesoscopic inhomogeneities in 
aqueous TBA solutions are seen only when the binary solutions contains a third 
component, even if the third component is sometimes present in trace amounts. These 
mesoscopic inhomogeneities in TBA aqueous solutions, containing certain 
uncontrolled impurities, remain stable for long periods of time, as long as this study 
continued. To resolve this issue, we studied three systems with controlled amount the 
third component. 
The three systems TBA-water-cyclohexane, TBA-water-IBA, and TBA-
water-PO are similar in such a way that they all exhibit a liquid-liquid miscibility gap. 
However, these systems are distinguished in the following manner, as illustrated in 
Figure 5.1. The concentration line with a fixed ratio of TBA to water, which 
corresponds to the formation of micelle-like structures, either crosses the macroscopic 
liquid-liquid separation far away from the critical consolute point, as in TBA-water-
cyclohexane and TBA-water-IBA systems, shown in Figure 5.l (a) and (b) or passes 






Figure 5.1. (see below) Sketches of the ternary phase diagram in TBA-water-
solubilizate systems. The solubilizates studied include: a) Cyclohexane; b) Isobutyl 
alcohol; c) Propylene oxide. The dashed line represents a constant                        
molar ratio of TBA: water as 7:93. 
 





















The TBA-water-cyclohexane system shows the largest miscibility gap in 
comparison to the three systems studied, because cyclohexane is practically insoluble 
in water. This system is a well-defined example of how a hydrophobic cyclohexane, 
is “solubilized” by an aqueous solution of a nonionic hydrotrope. Snapshots from MD 
simulations show the formation of TBA-water layers around cyclohexane molecules. 
The critical composition of this system is far away from the domain of structural 
fluctuations in aqueous TBA solutions.  
The next system, TBA-water-IBA, shows a smaller miscibility gap as 
compared to the TBA-water-cyclohexane system. This system shows mesoscopic 
inhomogeneities at a concentration range where the effective alcohol (TBA+IBA) 
concentration is similar to that in TBA-water-cyclohexane system. This concentration 
corresponds to the region where binary TBA-water solutions show micelle-like 




near-critical concentration fluctuations. It is possible that in this ternary system IBA 
may, at the same time, act as a co-solvent and a solubilizate.  
The third system, TBA-water-PO, exhibits the smallest miscibility gap as 
compared to the previous systems. In this system, the mesoscopic inhomogeneities 
could arise due to a balance between strong hydrogen bonding between TBA-water 
and a tendency for PO and water to demix near critical conditions. This system shows 
strong non-equilibrium mesoscopic inhomogeneities near the two-phase region, 
whose characteristics change over a few hours and which finally disappears within a 
few weeks. This event is reminiscent of near-critical behavior, as was seen by Kostko 
et al. in aqueous 3MP solutions on the addition of NaBr [54]. However, the details of 
this phenomenon in this system are difficult to interpret as they may be due to a 
combination of various factors such as coupling between micelle-like fluctuations in 
TBA-water and near-critical concentration fluctuations in the ternary system, or 
original impurities present in TBA and PO, or the ability of PO to partially 
polymerize in aqueous media.  
 
5.2  Self-assembly in aqueous solutions of non-ionic hydrotropes 
 
There are three distinct “phases” existing in TBA-water-solubilizate systems. 
The first phase is water-rich. In addition to molecular clustering on a nanometer scale, 
this phase contains “particles” of order 100 nm. While the exact structure of these 
particles are not known, based on the latest simulations and SANS experiments on 




particles maybe described as consisting of hydrophobic molecules in the core 
surrounded by layers of hydrogen bonded TBA and water molecules. The question 
now arises whether we can consider these particles as the second phase? This particle 
“phase” could be spread across the water-rich phase making a “microemulsion”. 
These particles could still represent a macroscopically separate phase, which is spread 
across the water-rich domain due to extremely small interfacial tension. This 
“microemulsion” may exhibit long-term stability. The third phase is the organic-rich 
phase (“oil” phase), which emerges at higher concentrations of the solubilizate. 
In TBA-water-cyclohexane system, at the composition where two bulk 
phases, namely water-rich and organic-rich phases are observed; we noticed a small 
amount of another phase on the water-oil interface. We call it the mesophase. The 
mesophase is observed under similar conditions for various aqueous organic 
solutions, which exhibit phase separation [103]. An image of this mesophase in TBA-
water-cyclohexane system is shown in Figure 5.2. The composition of this sample is: 
0.16 TBA mass fraction, 0.39 cyclohexane mass fraction. 
 
A speculative phase diagram, which may explain the formation of the 
mesophase on the water-oil interface, is shown in Figure 5.3. At a fixed TBA-water 
mole ratio of 7:93, upon addition of cyclohexane we first observe mesoscopic 
inhomogeneities in solution (region between WXNACW in Figure 5.3). Upon further 
addition of cyclohexane we enter the three-phase region (triangle ABC in Figure 5.3), 






Figure 5.2. Image of 2-phase ternary system consisting of TBA-water-cyclohexane 
system. The composition (in mass fractions) is 0.16 TBA, 0.39 cyclohexane. The 
sample shows the presence of a mesophase at the interface of water-rich and oil-rich 
layers. (Vial outer diameter = 2.5 cm) 
 
 
phases will be given by points A, B, and C, as shown in Figure 5.3. (The amount of 




proportional to area of triangle APB, and so on.) The amount of the mesophase could 
remain extremely small because on increasing the amount of cyclohexane, we may be 
sliding along the bottom of the triangle, which represents the three-phase equilibrium.  
 
 









Figure 5.3. Hypothesized ternary phase diagram for water-oil-surfactant system. M 
represents the mesophase, while the triangle ABC represents the three-phase 
coexistence. Point P is any composition exhibiting three-phase coexistence. Line XO 





Unique features in the formation of the mesophases are the size of the 
mesoscopic inhomogeneities and their stability. The inhomogeneities that form in 
these ternary systems have a characteristic size, of the order of 100 nm. This size does 
not seem to depend on the type of solubilizate in aqueous TBA solutions, nor does it 
seem to strongly depend on temperature. However, the number of these “particles” 
strongly increases as the temperature is lowered.  
The characteristic size and the stability of these inhomogeneities depend on 
the interfacial tension between these inhomogeneities and the bulk of the solution. 
“Solubilization” by hydrotropes leads to a lower surface tension between the 




Chapter 6: Outlook 
 
This research work has elucidated two major phenomena – the first one being 
the “origin” and the second one being the “nature” of mesoscopic inhomogeneities in 
aqueous solutions of small organic molecules.  
The work carried out in this dissertation and the results obtained are not 
unique to the systems studied. Mesoscopic inhomogeneities are seen in a wide variety 
of aqueous systems, such as in 3-methylpyridine [55], tetrahydrofuran [92], 2-
butoxyethanol [91, 104-108], and others discussed in Chapter 1. Mesoscopic 
inhomogeneities occurring in aqueous 3MP solutions are strongly correlated with the 
source of the solute. Aqueous solutions of 2-butoxyethanol, as studied by Bender and 
Pecora, show similar mesoscopic behavior [91].  Very recently, Liu and co-workers 
have studied aqueous solutions of tetrahydrofuran (THF), by dynamic light scattering, 
UV-vis spectroscopy and small-angle neutron scattering. They observed that in the 
presence of trace amounts of a hydrophobic compound, namely butylhydroxytoluene 
(BHT), aqueous THF solutions show the presence of mesoscopic inhomogeneities 
[92]. The mesoscopic inhomogeneities thus formed in this system consist of a BHT-
core surrounded by a shell of THF and water molecules. These results correlate well 
with what is observed in aqueous TBA solutions.  
The binary aqueous solutions show short-lived, short-ranged structural 
fluctuations between the organic molecules and water molecules. The addition of the 




aggregates. These mesoscopic structures are stable over long periods of time due to 
low interfacial tension between them and the bulk solution.  
This goals attained in this research may have a wide range of applications. 
First and foremost, hydrotropic solutions are widely used in the “solubilization” of 
hydrophobic drugs into pharmaceutical formulations [13]. This is highly important 
because most pharmaceutical formulations are aqueous solutions and need to contain 
large amounts of drugs. The presence of a hydrotrope in the formulation will enhance 
the amount of drug that can be formulated into the product. Similarly, hydrotropes are 
also used in the formulations of soaps, detergents, cosmetics, etc [5]. Although this 
has been shown through many studies on traditional ionic hydrotropes, we show that 
similar effects can be achieved by non-traditional nonionic hydrotropes, such as 
short-chain alcohols.  
Another property of such systems is their remarkable stability over long 
periods of time, practically rendering the system thermodynamically stable. This 
property leads to the formation of a new class of stable colloids, containing only 
small nonelectrolyte molecules. 
Understanding the nature of interactions that lead to the formation of 
mesoscale structures in aqueous solutions of small organic molecules will help in 
elucidating the behavior of aqueous solutions of proteins, such as protein folding and 
unfolding 
 To answer the remaining fundamental questions on the nature of the 
mesoscopic inhomogeneities in aqueous solutions, the next steps would be to 




hydrotropes and solubilizates through small-angle neutron scattering (SANS) and 
neutron spin echo (NSE) techniques. SANS will help probe the system at smaller 
length scales (about 0.1 nm to 100 nm), while NSE will help probe the system at 
faster time-scales (100 ps – 10 µs). SANS experiments may provide an answer if 
clustering of molecules on a nanometer scale indeed occurs. NSE may elucidate the 
fast dynamics. 
A comprehensive light-scattering study of aqueous ternary systems containing 
ionic hydrotropes, such as tetra butyl ammonium bromide and various solubilizates is 
also desirable. Detailed phase diagram, for ternary system with ionic hydrotropes and 
with nonionic hydrotropes, showing various mesoscopic phases should be determined 
and investigated.  
Additional molecular dynamics simulations, with coarse-grained models, are 
needed to show the formation and development of mesoscale particles and the 
mesophase. Finally, a theoretical model, based on mesoscale thermodynamics, needs 
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